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(54) MATRIX TYPE PIEZOELECTRIC&soljELECTROSTRICTIVE DEVICE AND ITS 
MANUFACTURING METHOD 



(57) A matrix type piezoelectric/electrostrictive de- 
vice in which a plurality of piezoelectric/electrostrictive 
elements almost in a pillar shape, each having a piezo- 
electric/electrostrictive substance and at least a pair of 
electrodes, are vertically provided on a thick ceramic 
substrate, and which is driven by displacement of the 
piezoelectric/electrostrictive substance. In this matrix 
type piezoelectric/electrostrictive device, a plurality of 
piezoelectric/electrostrictive elements are integrally 
bonded to the ceramic substrate and independently ar- 
ranged in two dimensions. The pair of electrodes is 
formed on the sides of the piezoelectric/electrostrictive 
substance. The percentage of transgranularly fractured 
crystal grains on at least the sides of the piezoelectric/ 
electrostrictive substance on which the electrodes are 
formed is 1 0% or less. The piezoelectric/electrostrictive 
substance forms a curved surface near a joined section 
between the piezoelectric/electrostrictive substance 
and the ceramic substrate. According to this piezoelec- 
tric/electrostrictive device, large displacement is ob- 
tained at. a low voltage, with achievement of a high 
speed response, a large force generation, excellent 
mounting capability, a higher degree of integration. The 
action such as pushing, distorting, moving, striking (im- 
pacting), or mixing can be applied to an object of action, 



or the device operates when such action is applied. 
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Description 

Field of The Invention 

[0001] The present invention relates to a matrix type 
piezoelectric/electrostrictive device. More particularly, 
the present invention relates to a matrix type piezoelec- 
tric/electrostrictive device which is used for an optical 
modulator, optical switch, electrical switch, microrelay, 
microvalve, transportation device, image display device 
such as a display and a projector, image drawing device, 
micropump, droplet discharge device, micromixer, 
microstirrer, microreactor, various types of sensors, and 
the like, generates large force and large displacement, 
allows a piezoelectric/electrostrictive substance to gen- 
erate expansion/contraction displacement or expan- 
sion/contraction vibration in a direction perpendicular to 
a main surface of a ceramic substrate by a transverse 
effect of an electric field induced strain of the piezoelec- 
tric/electrostrictive substance, and applies action such 
as pushing, distorting, moving, striking (impacting), or 
mixing to an object of action or operates when such ac- 
tion is applied, and to a method of manufacturing the 
matrix type piezoelectric/electrostrictive device. 

Background Art 

[0002] In recentyears, displacement control elements 
capable of adjusting the length or position of an optical 
path on the order of sub-microns have been demanded 
in the field of optics, precision machining, manufacture 
of semiconductors, and the like. To deal with this de- 
mand, development of piezoelectric/electrostrictive de- 
vices such as actuators or sensors which utilize strain 
based on a reverse piezoelectric effect or an electros- 
trictive effect occuring when an electric field is applied 
to ferroelectrics or antiferroeiectrics has progressed. 
The displacement control elements utilizing an electric 
field induced strain are capable of easily controlling 
minute displacement, decreasing power consumption 
due to high mechanical/electrical energy conversion ef- 
ficiency, and contributing to a decrease in the size and 
weight of a product due to ultraprecise mounting capa- 
bility in comparison with a conventional electromagnetic 
method or the.like using a servomotor or a pulsemotor. 
Therefore, application fields of displacement control el- 
ements are expected to be expanded steadily in the fu- 
ture; 

[0003] Taking an optical switch as an example, use of 
a piezoelectric/electrostrictive device as an actuator for 
switching a transmission path of introduced light has 
been proposed. FIGS. 2 (a) and 2 (b) show an example 
of an optical switch. An optical switch 200 shown in 
FIGS. 2 (a) and 2 (b) includes a light transmitting section 
201 , an optical path change section 208, and an actua- 
tor section 211. The light transmitting section 201 in- 
cludes a light reflecting surface 1 01 provided on part of 
a surface which faces the optical path change section 



208, and light transmitting paths 202, 204, and 205 pro- 
vided in three directions from the light reflecting surface 
101. The optical path change section 208 includes a 
light introducing member 209 which is moveably provid- 

5 ed close to the light reflecting surface 101 in the light 
transmitting section 201 and formed of a light transmit- 
ting material, and a light reflecting member 21 0 which 
totally reflects light. The actuator section 211 includes a 
mechanism which is displaced by an external signal and 

10 transmits the displacement to the optical path change 
section 208. 

[0004] As shown in FIG. 2 (a), the actuator section 21 1 
operates (displaces) by applying an external signal such 
as a voltage. The optical path change section 208 is sep- 

15 arated from the light transmitting section 201 by the dis- 
placement of the actuator section 211. Light 221 intro- 
duced into the light transmitting path 202 in the light 
transmitting section 201 is totally reflected by the light 
reflecting surface 101 in the light transmitting section 

20 201 , of which the refractive index is adjusted at a specific 
value. The reflected light 221 is transmitted to the light 
transmitting path 204 on the output side. 
[0005] As shown in FIG. 2 (b), the actuator section 21 1 
returns to the original position when the actuator section 

25 211 enters a non-operating state, whereby the light in- 
troducing member 209 in the optical path change sec- 
tion 208 comes in contact with the light transmitting sec- 
tion 201 at a distance equal to or less than the wave- 
length of the light. As a result, the light 221 introduced 

30 into the light transmitting path 202 is introduced into the 
light introducing member 209 from the light transmitting 
section 201 and transmitted through the light introducing 
member 209. The light 221 transmitted through the light 
introducing member 209 reaches the light reflecting 

35 member 210. The light 221 is reflected by the light re- 
flecting surface 102 of the light reflecting member 210 
and transmitted to the light transmitting path 205, differ- 
ing from the light reflected by the light reflecting surface 
1 01 in the light transmitting section 201 . 

40 [0006] As described above, the piezoelectric/electro- 
strictive device is suitably used as the actuator section 
of the optical switch having a function of changing the 
optical path. In particular, in the case of forming a matrix 
switch which switches between a plurality of channels, 

45 a piezo-electric/electrostrictive device in which a plural- 
ity of uni-morph or bi-morph piezoelectric/electrostric- 
tive elements (hereinafter may be referred to as "bend- 
ing displacement elements") are arranged, as disclosed 
in Japanese Patent No. 2693291 issued to the applicant 

so of the present invention, is suitably employed. The 
bending displacement element consists of a diaphragm 
and a piezoelectric/ electrostrictive element, and gener- 
ates bending displacement by converting only a small 
amount of expansion/contraction strain of the piezoe- 

55 lectric/electrostrictive element produced when applying 
an electric field into a bending mode. Therefore, a large 
displacement is easily obtained in proportion to the 
length of the piezoelectric/electrostrictive element. 
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[0007] However, since the bending displacement ele- 
ment converts strain, stress which causes the strain of 
the piezoelectric/electrostrictive element cannot be di- 
rectly utilized. Therefore, it is very difficult to increase 
displacement and force generation at the same time. 5 
Moreover, since the resonance frequency, is inevitably 
decreased as the length of the element is increased, it 
is also difficult to satisfy a desired response speed. 
[0008] In order to further improve the performance of 
the above type of optical switch, there have been at least 10 
the following two demands. Specifically, an increase in 
ON/OFF ratio (contrast) is demanded. In the case of the 
optical switch 200, it is important to securely perform 
contact/separation> operations between the light trans- 
mitting section 201 and the optical path change section 15 
208. Therefore, the actuator section preferably has a 
large stroke, specifically, generates large displacement. 
[0009] The other demand is to minimize a loss caused 
by switching. In this case, it is important to increase a 
substantial contact area between the optical path 20 
change section 208 and the light transmitting section 
201 while increasing the area of the optical path change 
section 208. However, since an increase in the contact 
area causes reliability relating to separation to be de- 
creased, a piezoelectric/electrostrictive device capable 25 
of generating a large force is necessary as the actuator 
section. Specifically, a piezoelectric/electrostrictive de- 
vice capable of generating displacement and force at 
the same time is demanded as the actuator section in 
order to improve the performance of the optical switch. 30 
[0010] It is preferable that each of the piezoelectric/ 
electrostrictive elements be formed independently. This 
means that each of the piezoelectric/electrostrictive el- 
ements does not interfere with the others, specifically, 
does not restrict displacement and force generated by 35 
other piezoelectric/electrostrictive elements. 
[0011] For example, a piezoelectric/electrostrictive 
device 145 shown in FIG. 3 shows bending displace- 
ment by the operation of piezoelectric/electrostrictive el- 
ements 178, as shown in the cross section in FIG. 4. 40 
Each of the piezoelectric/electrostrictive elements 1 78 
is formed to be mechanically independent from the ad- 
jacent piezoelectric/electrostrictive elements by utilizing 
the rigidity of a partition 143. 

[0012] However, a substrate 144 has an integral 45 
structure, and a vibration plate, on which the piezoelec- 
tric/electrostrictive element 178 acts, is continuously 
formed. Therefore, it cannot be denied that tension or 
compressive stress of the vibration plate which occurs 
by the operation of the piezoelectric/electrostrictive el- so 
ement 178 affects the adjacent piezoelectric/electros- 
trictive elements, although the adjacent piezoelectric/ 
electrostrictive elements are separated by the partition 
143. This particularly applies to a case where the pie- 
zoelectric/electrostrictive elements are formed at a high 55 
density. 

[0013] In a piezoelectric/electrostrictive device 155 
shown in FIG. 5 (cross section), since side walls 219 



which support a vibration plate 21 8 are separated from 
the adjacent side walls 219, the adjacent piezoelectric/ 
electrostrictive elements are not affected. 
[0014] As another embodiment of the piezoelectric/ 
electrostrictive device in which each of the piezoelectric/ 
electrostrictive elements is formed independently, Jap- 
anese Patent No. 30581 43 proposes an actuator in FIG. 
1 . This actuator is a piezoelectric actuator suitable for a 
ink-jet type recording device, in which pillar-shaped pi- 
ezoelectric elements which function as drive mecha- 
nisms are arranged in rows and columns. Japanese Pat- 
ent No. 3058143 states that a plurality of piezoelectric 
elements can be highly integrated on a substrate in rows 
and columns by employing piezoelectric transverse ef- 
fect type piezoelectric elements having a simple elec- 
trode configuration, and the number of ink-jet nozzles 
per unit area in the ink-jet type recording device can be 
increased. 

[0015] The piezoelectric actuator disclosed in this pat- 
ent is formed by stacking and sintering green sheets to 
which. common electrodes or signal applying electrodes 
are applied, and by forming grooves using a dicing saw 
so that the pillar-shaped piezoelectric elements are sep- 
arated. Therefore, this piezoelectric actuator has at 
least the following two problems. 
[0016] Since this piezoelectric actuator has a struc- 
ture in which driver electrodes are stored in the piezoe- 
lectric element in advance, an electrode-piezoelectric 
material stacked structure of each of the piezoelectric 
elements becomes non-uniform due to the influence of 
strain during sintering. This causes characteristics of the 
elements to become uneven. Since the size (width or 
thickness) must be increased taking strain during sin- 
tering into consideration, it is difficult to decrease the 
pitch of the elements. According to the configuration ex- 
ample disclosed in Japanese Patent No. 3058143, since 
the width of the piezoelectric element is 0.3 mm and the 
width of the groove is 0.209 to 0.718 mm, one piezoe- 
lectric element is disposed per mm 2 . Such a degree of 
integration is insufficient to deal with the resolution re- 
quired for ink-jet printers in recent years. 
[0017] Moreover, the above degree of integration is 
insufficient for optical switches represented by the em- 
bodiment shown in FIGS. 2 (a) and 2 (b). The number 
of channels of optical switching devices is expected to 
be increased as construction of an optical network sys- 
tem without photoelectric conversion progresses. 
Therefore, a decrease in the size of optical switching 
devices and an increase in the degree of integration of 
optical switches used for the optical switching devices 
will be demanded in order to reduce transmission loss 
of signals. However, the degree of integration of the 
above piezoelectric actuator cannot deal with such a de- 
mand. 

[0018] Each of the piezoelectric elements of the pie- 
zoelectric actuator disclosed in Japanese Patent No. 
3058143 is formed by dicing saw processing. However, 
the depth of the grooves, specifically, the height of the 
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piezoelectric elements is limited due to limitations relat- 
ing to the processing. Since displacement of the trans- 
verse effect type elements depends on the height of the 
piezoelectric element, sufficient displacement cannot 
be obtained if the height of the element is limited. Spe- 
cifically, the aspect ratio (height/thickness) of the piezo- 
electric element (piezoelectric), which is an index of the 
degree of integration and characteristics, cannot be in- 
creased. Therefore, the above piezoelectric actuator is 
not suitable as the actuator section for not only ink- jet 
printers, but also optical switches and the like. 
[0019] As described above, a piezoelectric/electro- 
strictive device such as an actuator which is capable of 
generating displacement and force and in which piezo- 
electric/electrostrictive elements can be disposed inde- 
pendently at an extremely high density is demanded. 
The present invention has been achieved to deal with 
this demand. Specifically, an object of the present in- 
vention achieved in view of the above situation is to pro- 
vide a piezoeiectric/eiectrostrictive device which gener- 
ates large displacement at a low voltage, has a high re- 
sponse speed, generates a large force, excels in mount- 
ing capability, enables a higher degree of integration, 
and applies action such as pushing, distorting, moving, 
striking (impacting), or mixing to an object of action, or 
operates when such action is applied, and a method of 
manufacturing the piezoeiectric/eiectrostrictive device. 
[0020] The present invention aims at improving the 
performance of an optical modulator, optical switch, 
electrical switch, microrelay, microvalve, transportation 
device, image display device such as a display and a 
projector, image drawing device, micropump, droplet 
discharge device, micromixer, microstirrer, microreac- 
tor, various types of sensors, or the like by applying the 
piezoeiectric/eiectrostrictive device thereto. As a result 
of extensive studies, the present inventors have found 
that the above object can be achieved by the following 
matrix, type piezoeiectric/eiectrostrictive device and a 
manufacturing method thereof. 

Disclosure of The Invention 

[0021] The present invention provides a matrix type 
piezoeiectric/eiectrostrictive device in which a plurality 
of piezoeiectric/eiectrostrictive elements almost in the 
shape of a pillar, each having a piezoeiectric/eiectros- 
trictive substance and at least a pair of electrodes, are 
vertically provided on a thick ceramic substrate, and 
which is driven by displacement of the piezoelectric/ 
electrostrictive substance. This matrix type piezoeiec- 
tric/eiectrostrictive device is characterized in that a plu- 
rality of the piezoeiectric/eiectrostrictive elements are 
jointed integrally to the ceramic substrate and are inde- 
pendently arranged in two dimensions, the pair of elec- 
trodes is formed on the sides of the piezoeiectric/eiec- 
trostrictive substance, the crystal grains on at least the 
sides of the piezoeiectric/eiectrostrictive substance on 
which the electrodes are formed is in such a state that 



the percentage of transgranularly fractured crystal 
grains is 1 0% or less, and a curved surface is formed at 
the vicinity of a joining section between the piezoeiec- 
tric/eiectrostrictive substance and the ceramic sub- 
5 strate. 

[0022] In the matrix type piezoeiectric/eiectrostrictive 
device according to the present invention, the degree of 
surface profile of the piezoeiectric/eiectrostrictive sub- 
stance of the piezoeiectric/eiectrostrictive element is 

10 preferably about 8 u,m or less. The ratio of the height of 
the piezoeiectric/eiectrostrictive element almost in the 
shape of a pillar to the shortest distance through the 
center axis in the horizontal cross section of the piezo- 
eiectric/eiectrostrictive element (hereinafter may be 

15 called "the thickness of the piezoeiectric/eiectrostrictive 
element") is preferably about 20:1 to 200:1 .The shortest 
distance through the center axis in the horizontal cross 
section of the piezoeiectric/eiectrostrictive element is 
preferably 300 um or less. 

20 [0023] In the matrix type piezoeiectric/eiectrostrictive 
device according to the present invention, the ratio of 
the height of the piezoeiectric/eiectrostrictive element 
almost in the shape of a pillar to an interval between the 
adjacent piezoeiectric/eiectrostrictive elements is pref- 

25 erably about 20:1 to 200:1 . The sides of the piezoeiec- 
tric/eiectrostrictive substance preferably have an almost 
uniform surface state, and surface roughness repre- 
sented by Rt of the sides of the piezoeiectric/eiectros- 
trictive substance is preferably 9 p.m or less, and surface 

30 roughness represented by Ra of the sides of the piezo- 
electric/ electrostrictive substance is preferably 0.1 to 
0.5 ujn. The radius of curvature of the curved surface 
formed near the joined section between the piezoeiec- 
tric/eiectrostrictive substance and the ceramic substrate 

35 is preferably 20 to 1 00 u.m. 

[0024] In the matrix type piezoeiectric/eiectrostrictive 
device according to the present invention, the horizontal 
cross section of the piezoeiectric/eiectrostrictive sub- 
stance of the piezoeiectric/eiectrostrictive element al- 

40 most in the shape of a pillar is preferably in the shape 
of a parallelogram, and the electrodes are preferably 
formed on the sides including the long sides of the cross 
section of the piezoeiectric/eiectrostrictive substance. 
The matrix type piezoeiectric/eiectrostrictive device ac- 

45 cording to the present invention is a piezoeiectric/eiec- 
trostrictive device capable of utilizing either a longitudi- 
nal effect or a transverse effect of an electric field in- 
duced strain of the piezoeiectric/eiectrostrictive sub- 
stance. The piezoeiectric/eiectrostrictive eiement is 

50 preferably expanded/contracted in a direction vertical to 
a main surface of the ceramic substrate based on dis- 
placement caused by the transverse effect. 
[0025] As materials for the matrix type piezoelectric/ 
electrostrictive device according to the present inven- 

55 tion, the ceramic substrate and the piezoeiectric/eiec- 
trostrictive substance which makes up the piezoelectric/ 
electrostrictive element are preferably formed of the 
same material. As the material forthe piezoelectric/elec- 
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trostrictive substance, any of piezoelectric ceramics, 
electrostrictive ceramics, and antiferroelectric ceramics, 
or a composite material of these ceramics and a polymer 
piezoelectric material may be suitably used. 
[0026] In the above matrix type piezoelectric/ elec- 5 
trostrictive device, wall sections may be formed be- 
tween the adjacent piezoelectric/electrostrictive ele- 
ments. Electrode terminals are preferably formed on the 
side of the ceramic substrate opposite to the side on 
which the piezoelectric/electrostrictive elements are dis- 10 
posed. The electrodes and the electrode terminals are 
preferably connected via through holes or via holes 
formed in the ceramic substrate. 
[0027] The present invention also provides the follow- 
ing first and second methods of manufacturing a matrix is 
type piezoelectric/electrostrictive device. 
[0028] A first method of manufacturing a matrix type 
piezoelectric/electrostrictive device according to the 
present invention is a method of manufacturing a matrix 
type piezoelectric/electrostrictive device in which a plu- 20 
rality of piezoelectric/electrostrictive elements almost in 
the shape of a pillar are two-dirnensionally arranged on 
a thick ceramic substrate, wherein each of the piezoe- 
lectric/electrostrictive elements includes a piezoelectric/ 
electrostrictive substance and at least a pair of elec- 25 
trodes, the percentage of transgranularly fractured crys- 
tal grains on at least the sides of the piezoelectric/elec- 
trostrictive substance on which the electrodes are 
formed is 1% or less, and the piezoelectric/electrostric- 
tive substance forms a curved surface near a joined sec- 30 
tion between the piezoelectric/electrostrictive sub- 
stance and the ceramic substrate. This manufacturing 
method comprises a first step of providing a plurality of 
ceramic green sheets containing a piezoelectric/elec- 
trostrictive material as a major component, a second 35 
step of forming opening sections having an almost right- 
angled quadrilateral shape, in which at least two corners 
are curved, at specific positions of a plurality of the ce- 
ramic green sheets, a third step of stacking a plurality 
of the ceramic green sheets in which the opening sec- *o 
tions are formed to obtain a ceramic green laminate hav- 
ing holes, a fourth step of integrally sintering the ceramic 
gree/i laminate to obtain a ceramic laminate having 
holes, a fifth step of forming electrodes at least on side 
walls which make up the holes in the ceramic laminate, ^ 
a sixth step of cutting the ceramic laminate on the holes 
in a direction perpendicular to the arrangement of the 
holes and perpendicular to the openings of the holes to 
obtain a comb tooth-shaped ceramic laminate, and a 
seventh step of cutting the comb tooth of the comb tooth- so 
shaped ceramic laminate in a direction perpendicular to 
the cutting surface obtained in the sixth step and per- 
pendicularly to the arrangement of the comb tooth. 
[0029] In the first method of manufacturing a matrix 
type piezoelectric/electrostrictive device according to 55 
the present invention, the ceramic green laminate pref- 
erably consists of at least two types of ceramic green 
sheets. One of the two types of ceramic green sheets is 



preferably a specific number of ceramic green sheets in 
which a plurality of opening sections almost in the shape 
of a right-angled quadrilateral in which two corners are 
curved are formed. The other of the two types of ceramic 
green sheets is preferably a specific number of ceramic 
green sheets in which a plurality of opening sections al- 
most in the shape of a right-angled quadrilateral and a 
plurality of other opening sections connected with the 
opening sections in the shape of a right-angled quadri- 
lateral are formed. The other opening sections are pref- 
erably connected with the opening sections almost in 
the shape of a right-angled quadrilateral and connected 
with the ends of the ceramic green sheets. 
[0030] The first method of manufacturing a matrix 
type piezoelectric/electrostrictive device according to 
the present invention preferably comprises a step of cut- 
ting the ceramic laminate, thereby opening each of the 
other opening sections. The cutting in the seventh step 
is preferably performed by wire sawing. The first method 
preferably comprises a step of filling space between the 
comb tooth with fillers after the fifth step, but before the 
seventh step. 

[0031] A second method of manufacturing a matrix 
type piezoelectric/electrostrictive device according to 
the present invention is a method of manufacturing a 
piezoelectric/electrostrictive device in which a plurality 
of piezoelectric/electrostrictive elements almost in the 
shape of a pillar are formed on a thick ceramic substrate, 
wherein each of the piezoelectric/electrostrictive ele- 
ments includes a piezoelectric/electrostrictive sub- 
stance and at least a pair of electrodes, the percentage 
of transgranularly fractured crystal grains on at least the 
sides of the piezoelectric/electrostrictive substance on 
which the electrodes are formed is 1 0% or less, and the 
piezoelectric/electrostrictive substance forms a curved 
surface near a joined section between the piezoelectric/ 
electrostrictive substance and the ceramic substrate. 
This manufacturing method comprises a step A of pro- 
viding a ceramic green formed product containing a pi- 
ezoelectric/ electrostrictive material as a major compo- 
nent, a step'B of sintering a ceramic precursor including 
at least the ceramic green formed product to obtain an 
integral ceramic sintered product, a step C of forming a 
plurality of first slits in the ceramic sintered product by 
a machining method utilizing loose abrasives as 
processing media, a step D of forming the electrodes on 
the sides of the first slits, and a step E of forming a plu- 
rality of second slits which intersect the first slits. 
[0032] In the second method of manufacturing a ma- 
trix type piezoelectric/electrostrictive device according 
to the present invention, the ceramic green formed prod- 
uct is preferably formed by stacking a plurality of ceram- 
ic green sheets. The ceramic precursor is preferably 
formed of at least a ceramic green substrate having 
through holes or via holes and the ceramic green formed 
product. The second method preferably comprises a 
step of filling the first slits with fillers after the step C, but 
before the step E. 
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[0033] In the second method of manufacturing a ma- 
trix type piezoelectric/electrostrictive device according 
to the present invention,, it is preferable to use a wire 
sawing method as the machining method. In the case 
of using the wire saw processing method, it is preferable 5 
to form the first slits and/or the second slits by perform- 
ing first cutting which includes processing the ceramic 
sintered product in the direction of the thickness of the 
ceramic sintered product to obtain first cut grooves, sec- 
ond cutting which includes processing the ceramic sin- 10 
tered product in the direction of the thickness at a spe- 
cific distance from the first cutting position to obtain sec- 
ond cut grooves, and third cutting which includes cutting 
the ceramic sintered product from the inside of the sec- 
ond cut grooves toward the inside of the first cut 15 
grooves/thereby removing regions between the first cut 
grooves and the second cut grooves. In this case, it is 
preferable to fill the first cut grooves with fillers after the 
first cutting, but before the second cutting. 

20 

Brief Description of The Drawings 
[0034] 

FIGS. 1 (a) to 1 (c) are views showing one embod- 25 
iment of a matrix type piezoelectric/electrostrictive 
device according to the present invention, wherein 
FIG. 1 (a) is an oblique view, FIG. 1 (b) is a side 
view in a direction Q shown in FIG. 1 (a), and FIG. 
1 (c) is a side view in a direction R shown in FIG. 1 30 
(a). 

FIGS. 2 (a) and 2 (b) are vertical cross-sectional 
views showing an application example of a conven- 
tional piezoelectric/electrostrictive device, wherein 
FIG. 2 (a) shows an actuator section in an operating 35 
state in an optical switch which is the application 
example, and FIG. 2 (b) shows the actuator section 
in a non-operating state in the optical switch which 
is the application example. 

FIG. 3 is an oblique view showing one embodiment *o 
of a piezoelectric/electrostrictive device. 
FIG. 4 is a vertical cross-sectional view showing 
one embodiment of the piezoelectric/electrostric- 
tive device. 

FIG. 5 is a vertical cross-sectional view showing an- 
other embodiment of the piezoelectric/electrostric- 
tive device. 

FIGS. 6 (a) and 6 (b) are views showing an appli- 
cation example of the matrix type piezoelectric/ 
electrostrictive device according to the present in- 50 
vention, wherein FIG. 6 (a) is an oblique view show- 
ing an actuator section in a microvalve which is the 
application example, and FIG. 6 (b) is a vertical 
cross-sectional view showing the actuator section 
in an operating state in the microvalve which is the 55 
application example. 

FIGS. 7 (a) and 7 (b) are views showing an appli- 
cation example of the matrix type piezoelectric/ 



electrostrictive device according to the present in- 
vention, wherein FIG. 7 (a) is a plan view showing 
an optical modulator which is the application exam- 
ple, and FIG. 7 (b) is a view showing a cross section 
along the line A-A shown in FIG. 7 (a). 
FIGS. 8 (a) to 8 (f) are explanatory diagrams show- 
ing an example of a first method of manufacturing 
the matrix type piezoelectric/electrostrictive device 
according to the present invention. 
FIG. 9 is an oblique view showing another embod- 
iment of the matrix type' piezoelectric/electrostric- 
tive device according to the present invention. 
FIG. 10 is a photograph showing a processed sur- 
face by a conventional manufacturing method. 
FIG. 11 is a photograph showing a processed sur- 
face by the first method of manufacturing the matrix 
type piezoelectric/electrostrictive device according 
to the present invention. 

FIG. 12 is an oblique view showing another embod- 
iment of the matrix type piezoelectric/electrostric- 
tive device according to the present invention. 
FIG. 1 3 is an oblique view showing one embodiment 
of a light reflection mechanism which is an applica- 
tion example of the matrix type piezoelectric/elec- 
trostrictive device according to the present inven- 
tion. 

FIG. 14 is a cross-sectional view showing the em- 
bodiment of the light reflection mechanism which is 
the application example of the matrix type piezoe- 
lectric/electrostrictive device according to the 
present invention, which shows part of a cross sec- 
tion along the line D-D shown in FIG. 13. 
FIG. 15 is a cross-sectional view showing the em- 
bodiment of the light reflection mechanism which is 
the application example of the matrix type piezoe- 
lectric/electrostrictive device according to the 
present invention, which shows part of the cross 
section along the line D-D shown in FIG. 13. 
FIG. 1 6 is an oblique view showing another embod- 
iment of an optical switch which is an application 
example of the matrix type piezoelectric/electros- 
trictive device according to the present invention. 
FIG. 17 is a cross-sectional view showing the em- 
bodiment of the optical switch which is the applica- 
tion example of the matrix type piezoelectric/elec- 
trostrictive device according to the present inven- 
tion, which shows a cross section along the line C-C 
shown in FIG. 16. 

FIG. 18 is a cross-sectional view showing another 
embodiment of the optical switch which is the appli- 
cation example of the matrix type piezoelectric/ 
electrostrictive device according to the present in- 
vention. 

FIG. 19 is a cross-sectional view showing another 
embodiment of the optical switch which is the appli- 
cation example of the matrix type piezoelectric/ 
electrostrictive device according to the present in- 
vention. 
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FIG. 20 is a cross-sectional view showing another 
embodiment of the optical switch which is the appli- 
cation example of the matrix type piezoelectric/ 
electrostrictive device according to the present in- 
vention. 

FIG. 21 is an oblique view showing another embod- 
iment of the matrix type piezoelectric/electrostric- 
tive device according to the present invention. 
FIG. 22 is an oblique view showing another embod- 
iment of the matrix type piezoelectric/electrostric- 
tive device according to the present invention. 
FIG. 23 is an oblique view showing another embod- 
iment of the matrix type piezoelectric/electrostric- 
tive device according to the present invention. 
FIG. 24 is an oblique view showing another embod- 
iment of the matrix type piezoelectric/elect restric- 
tive device according to the present invention. 
FIG. 25 is an oblique view showing another embod- 
iment of the matrix type piezoelectric/electrostric- 
tive device according to the present invention. 
FIG. 26 is an oblique view showing another embod- 
iment of the matrix type piezoelectric/electrostric- 
tive device according to the present invention. 
FIGS. 27 (a) to 27 (e) are explanatory diagrams 
showing steps of one embodiment of a method 
punching and stacking ceramic green sheets at the 
same time in the first method of manufacturing of 
the matrix type piezoelectric/electrostrictive device 
according to the present invention; wherein FIG. 27 

(a) shows a first sheet preparation step in which a 
first ceramic green sheet is placed on a die, FIG. 27 

(b) shows a step of punching the first ceramic green 
sheet, FIG. 27 (c) shows a second sheet prepara- 
tion step in which a second ceramic green sheet is 
placed, FIG. 27 (d) shows a step of punching the 
second ceramic green sheet, and FIG. 27 (e) shows 
a punching completion step of separating the 
stacked ceramic green sheets by using a stripper 
after completing punching and stacking all the 
sheets. 

FIG. 28 is a view showing a processed surface by 
a conventional manufacturing method, which is an 
enlarged schematic side view of the processed sur- 
face. 

FIG. 29 is a view showing a processed surface by 
the first method of manufacturing the matrix type pi- 
ezoelectric/electrostrictive device according to the 
present invention, which is an enlarged schematic 
side view of the processed surface. 
FIG. 30 is an oblique view showing another embod- 
iment of the matrix type piezoelectric/electrostric- 
tive device according to the present invention. 
FIGS. 31 (a) to 31 (h) are explanatory diagrams 
showing steps of an example of a second method 
of manufacturing the matrix type piezoelectric/elec- 
trostrictive device according to the present inven- 
tion. 

FIGS. 32 (a) to 32 (d) are explanatory diagrams 



showing steps of another example of the first me.n- 
od of manufacturing the matrix type piezoelectric/ 
electrostrictive device according to the present in- 
vention. 

5 FIG. 33 is an oblique view showing another embod- 

iment of the matrix type piezoelectric/electrostric- 
tive device according to the present invention. 
FIG. 34 is a vertical cross-sectional view showing 
the matrix type piezoelectric/electrostrictive device 

10 shown in FIG. 33. 

FIGS. 35 (a) to 35 (e) are explanatory diagrams 
showing steps of an example of a biaxial processing 
method for forming slits in a wire saw processing 
method which is a means of the second method of 

15 manufacturing the matrix type piezoelectric/elec- 
trostrictive device according to the present inven- 
tion. 

FIGS. 36 (a) and 36 (b) are explanatory diagrams 
showing steps of an example of the biaxial process- 
20 ing method for forming slits in the wire saw process- 
ing method which is a means of the second method 
of manufacturing the matrix type piezoelectric/elec- 
trostrictive device according to the present inven- 
tion. 

25 FIGS. 37 (a) to 37 (i) are explanatory diagrams 
showing steps of another example of the second 
method of manufacturing the matrix type piezoelec- 
tric/electrostrictive device according to the present 
invention. 

30 FIG. 38 is a photograph showing a processed sur- 
face by the second method of manufacturing the 
matrix type piezoelectric/electrostrictive device ac- 
cording to the present invention. 

35 Detailed Description of the Preferred Embodiment 

[0035] Embodiments of a matrix type piezoelectric/ 
electrostrictive device of the present invention and a 
method of manufacturing the same are described below 

40 in detail. However, these embodiments should not be 
construed as limiting the scope of the present invention. 
Various modifications, revisions, and improvements are 
possible within the scope of the present invention based 
on the knowledge of a person skilled in the art. 

45 [0036] The matrix type piezoelectric/electrostrictive 
device according to the present invention is a unit which 
attains collective functions by utilizing strain induced by 
an electric field. The matrix type piezoelectric/electro- 
strictive device includes an actuator, a sensor, and the 

50 like having a piezoelectric/electrostrictive element as a 
constituent element. The matrix type piezoelectric/ elec- 
trostrictive device according to the present invention is 
not limited to piezoelectric/electrostrictive devices which 
utilize a piezoelectric effect which produces strain in an 

55 amount almost proportional to an applied electric field, 
or an electrostrictive effect which produces strain in an 
amount almost proportional to the square of an applied 
electric field. The matrix type piezoelectric/electrostric- 
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tive device also includes piezoelectric/electrostrictive 
devices which utilize a phenomenon such as polariza- 
tion inversion observed in ferroelectric materials or 
phase transition between an antiferroelectric phase and 
a ferroelectric phase observed in antiferroelectric mate- 
rials. Therefore, "piezoelectric characteristics" used 
herein also include characteristics based on these phe- 
nomena. Necessity of polarization processing is appro- 
priately determined based on properties of a material 
used for a piezoelectric/electrostrictive substance of the 
piezoelectric/electrostrictive element which makes up 
the piezoelectric/electrostrictive device. Therefore, in 
the present specification, only a material for which po- 
larization processing is necessary is subjected to polar- 
ization processing. 

[0037] The embodiments of the present invention are 
described below with reference to the drawings. FIG. 1 
(a) is an oblique view showing one embodiment of a ma- 
trix type piezoelectric/electrostrictive device according 
to the present invention. FIG. 1 (b) is a side view in a 
direction Q shown in FIG. 1 (a). FIG. 1 (c) is a side view 
in a direction R shown in FIG. 1 (a). As shown in FIGS, 
i (a) to 1 (c), in a matrix type piezoelectric/electrostric- 
tive device 1 , a plurality of piezoelectric/electrostrictive 
elements 31, each having a piezoelectric/electrostric- 
tive substance 4 and a pair of electrodes 1 8 and 1 9, are 
formed on a ceramic substrate 2. The matrix type pie- 
zoelectric/electrostrictive device 1 is driven by allowing 
the piezoelectric/electrostrictive substance 4 to be dis- 
placed on the ceramic substrate 2. The matrix type pie- 
zoelectric/electrostrictive device 1 has the following 
characteristics common to matrix type piezoelectric/ 
electrostrictive devices according to the present inven- 
tion. 

1) Two-dimensional arrangement of piezoelectric/ 
electrostrictive element 

[0038] In the above-described conventional piezoe- 
lectric/electrostrictive device 145 shown in FIG. 3, the 
uni-morph or bi-morph piezoelectric/electrostrictive ele- 
ments are arranged on the substrate. In the matrix type 
piezoelectric/electrostrictive device 1 , a plurality of pie- 
zoelectric/electrostrictive elements 31 are arranged in- 
dependently and integrally with the thick and substan- 
tially solid ceramic substrate 2 in the shape of a two- 
dimensional matrix. The matrix type piezoelectric/elec- 
trostrictive device 1 has a structure in which an adhesive 
or the like is not interposed in a region relating to ar- 
rangement of the elements and a region which becomes 
a base point for displacement of the piezoelectric/elec- 
trostrictive element Therefore, precision of the initial el- 
ement dimensions, element (Ditch, and the like is in- 
creased and deterioration of interposed materials does 
not occur. As a result, high dimensional accuracy and 
piezoelectric/electrostrictive element characteristics 
can be maintained for a long period of time. 
[0039] In the case of using the matrix type piezoelec- 



tric/electrostrictive.device 1 as a piezoelectric/electros- 
trictive device for optical switches, microvalves, image 
display devices, and the like, the matrix type piezoelec- 
tric/electrostrictive device 1 can be mounted with higher 

5 accuracy. Moreover, since the matrix type piezoelectric/ 
electrostrictive device 1 has an integrated structure, the 
matrix type piezoelectric/electrostrictive device 1 excels 
in strength. This facilitates the mounting procedure. 
[0040] The two-dimensional arrangement of the ma- 

10 trix type piezoelectric/electrostrictive device 1 is not lim- 
ited to that in which the piezoelectric/electrostrictive el- 
ements are arranged at right angles. The intersection 
angle may be 30° or 45°. The intersection angle may be 
determined depending on the object and purpose of 

15 use. 

[0041] Since the substrate is not allowed to function 
as a diaphragm, the thick ceramic substrate 2 is used. 
The thickness of the ceramic substrate may be appro- 
priately determined insofar as the ceramic substrate 2 

20 js not deformed due to stress applied from the piezoe- 
lectric/electrostrictive element formed thereon. It is pref- 
erable to bond other members to the ceramic substrate 
in order to improve strength of the ceramic substrate, 
handling capability of the piezoelectric/electrostrictive 

25 device, and the like. 

2) Complete independence of piezoelectric/ 
electrostrictive element 

30 [0042] In the matrix type piezoelectric/electrostrictive 
device 1, only the piezoelectric/electrostrictive element 
31 exposed on the ceramic substrate 2 is displaced. The 
ceramic substrate 2 is not deformed due to an electric 
field induced strain produced by the piezoelectric/elec- 

35 trostrictive substance 4. Therefore, each of the piezoe- 
lectric/ electrostrictive elements 31 is completely inde- 
pendent from the adjacent piezoelectric/electrostrictive 
elements 31 and does not hinder displacement of the 
others, even if the piezoelectric/electrostrictive ele- 

40 ments 31 are integrated with the ceramic substrate. 
Therefore, a greater amount of displacement can be sta- 
bly obtained at a lower voltage. 

3) Formation of electrode on low transgranularly 
45 fractured surface 

[0043] In the matrix type piezoelectric/electrostrictive 
device 1 , crystal grains of a piezoelectric/electrostrictive 
material which form at least the electrode formation 
50 sides of the piezoelectric/electrostrictive substance 4 
which makes up the piezoelectric/electrostrictive ele- 
ment 31 are designed so that the percentage of trans- 
granularly fractured grains is 10% or less, and prefera- 
bly 1 % or less. The surface phase is almost uniform and 
55 homogeneous. The differential distribution of the sur- 
face state is extremely small. 

[0044] Since the surface phase is homogeneous, the 
stress distribution is small. Therefore, the amount of de- 
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formation of the element is small even if the element has 
a high aspect ratio as described later, whereby precision 
of the dimensions and pitch of the element is easily 
maintained. Moreover, defects such as cracks rarely oc- 
cur in the piezoelectric ceramic grains even if the ratio 5 
of the surface to the volume of the piezoelectric/elec- 
trostrictive element (piezoelectric/electrostrictive sub- 
stance) is increased by decreasing the thickness of the 
piezoelectric/electrostrictive element in order to de- 
crease the drive voltage. Therefore, original character- io 
istics of the.piezoelectric/electrostrictive material can be 
advantageously brought out. 

[0045] Moreover, a moderate anchoring effect is ob- 
tained when forming the film-shaped electrodes on the 
sides of the piezoelectric/electrostrictive substance 4. 15 
This also enables the entire surface of the electrodes to 
be in a stable bonding state. Since only a small amount 
of transgranularly fractured grains are present on the 
surface of the electrodes, strain produced by applying 
a signal voltage is obtained from all the crystal grains 20 
and transmission loss of strain is small. Therefore, large 
displacement, large force generation, and large charge 
generation of the piezoelectric/electrostrictive element 
can be obtained in addition to the effect of adhesion of 
the electrode. 25 
[0046] In the present invention, the percentage of 
transgranularly fractured crystal grains (1 0% or less, for 
example) refers to the percentage of crystal grains 
which do not have unevenness of the original crystal 
grains, but are fractured in the shape of a plane surface 30 
(flat) due to processing such as grinding or cutting. The 
percentage of the transgranularly fractured crystal 
grains is determined by observing the sides of the pie- 
zoelectric/electrostrictive substance (surface to which 
the electrode is formed) using a scanning electron mi- 35 
croscope, and calculating the percentage of the area of 
regions in the above state occupying the area of the ob- 
servation field of view in the microscope image. For ex- 
ample, the percentage of the transgranularly fractured 
crystal grains may be determined by dividing the micro- 40 
scope image into the regions in the above state and oth- 
er regions by light and shade. 

4) Formation of curved surface at joined section 

45 

[0047] As shown in FIG. 1 (b) and 1 (c), in the matrix 
type piezoelectric/electrostrictive device 1 , a curved sur- 
face 13 is formed near the joined section between the 
piezoelectric/electrostrictive element 31 (piezoelectric/ 
electrostrictive substance 4) and the ceramic substrate 50 
2. Specifically, the piezoelectric/electrostrictive sub- 
stance 4 has a shape in which the cross section of the 
side parallel to the ceramic substrate 2 near an area in 
which the piezoelectric/electrostrictive substance 4 is 
joined to the ceramic substrate 2 is larger than the cross 55 
section in an area apart from the ceramic substrate 2 
(uppermost side, for example) (area nearthe joined sec- 
tion between the piezoelectric/electrostrictive sub- 



stance and the ceramic substrate may be hereinafter 
called "foot section"). Therefore, the direction of action 
is easily fixed and the piezoelectric/electrostrictive sub- 
stance 4 is rarely damaged. Moreover, continuity of the 
electrode film is improved at the joined section between 
the substrate and the piezoelectric/electrostrictive sub- 
stance, whereby reliability of bonding between the side 
electrodes of the piezoelectric/electrostrictive sub- 
stance 4 and external wiring is increased. 
[0048] In particular, since the thickness of the elec- 
trode film is increased at the joined section, a non-uni- 
form state is easily formed. Therefore, disconnection 
during a heat treatment for increasing adhesion or dis- 
connection due to displacement or the like when driving 
the piezoelectric/electrostrictive element is easily 
caused to occur. Furthermore, tolerance to reaction ap- 
plied from an object of action to the matrix type piezoe- 
lectric/electrostrictive device 1 is improved. As a result, 
the piezoelectric/electrostrictive substance 4 is rarely 
buckled or bent, for example. 

[0049] The radius of the curved surface 13 nearthe 
joined section is preferably 20-100 urn. If the radius of 
the curved surface 13 is less than 20 pxn, an effect of 
making the area near the joined section in the shape of 
the letter R may not be obtained. If the radius exceeds 
100 ^m, the distance between the electrodes of the pi- 
ezoelectric/electrostrictive element 31 is increased in 
the foot section and the percentage of the foot section 
is increased, although this is effective for increasing the 
strength. As a result, it becomes difficult to efficiently 
drive the piezoelectric/electrostrictive element 31 . 

5) Formation of electrode terminal 

[0050] In the matrix type piezoelectric/electrostrictive 
device 1 , the piezoelectric/electrostrictive element 31 is 
vertically provided on the ceramic substrate 2. The elec- 
trodes 18 and 19 are formed on the closer opposite 
sides of the piezoelectric/electrostrictive substance 4. 
In other words, the electrodes 1 8 and 1 9 are formed on 
the sides including the long sides of a cross-sectional 
shape of the piezoelectric/electrostrictive substance 4 
of the piezoelectric/electrostrictive element 31 in the di- 
rection parallel to the ceramic substrate 2, specifically, 
a rectangle which is one type of parallelogram. 
[0051] Electrode terminals 20 and 21 are formed on 
the side of the ceramic substrate 2 opposite to the side 
on which the piezoelectric/electrostrictive elements 31 
are disposed. The electrode 1 8 and the electrode termi- 
nal 20 and the electrode 19 and the electrode terminal 
21 are respectively connected through via holes 22 
which are formed in the ceramic substrate 2 and filled 
with a conductive material. Through holes in which a 
conductive material is applied to the inner surface may 
be used instead of the via holes 22. A subsequent pro- 
cedure for connecting a power supply for applying an 
electric field is facilitated by forming the electrode termi- 
nals on the side opposite to the piezoelectric/electros- 
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trictive elements 31 (drive sections). This prevents a de- 
crease in yield due to the manufacturing steps. 

6) Expansion/contraction displacement 

[0052] The matrix type piezoelectric/electrostrictive 
device 1 does not convert an expanded/contracted elec- 
tric field induced strain of the piezoelectric/electrostric- 
tive substance 4 into displacement in a bending mode. 
The matrix type piezoelectric/electrostrictive device 1 di- 
rectly utilizes the expansion/contraction as displace- 
ment. Therefore, design values for obtaining large dis- 
placement are easily determined without decreasing 
force generation and response. 

7) Parallelism between polarization and driving field 

[0053] In the matrix type piezoelectric/electrostrictive 
device 1 , the piezoelectric/electrostrictive substance 4 
which makes up the piezoelectric/electrostrictive ele- 
ment 31 is polarized in a direction P shown in FIG. 1 (a) 
parallel to the main surface of the ceramic substrate 2. 
A driving electric field is formed in a direction E by con- 
necting a power supply to the electrode terminals 20 and 
21 and applying a voltage between the electrode 18 as 
a positive electrode and the electrode 19 as a negative 
electrode. Specifically, the polarization field and the driv- 
ing electric field of the piezoelectric/electrostrictive sub- 
stance 4 are in the same direction. 
[0054] As a result, the piezoelectric/electrostrictive el- 
ement 31 is contracted in a direction S vertical to the 
main surface of the ceramic substrate 2 based on the 
transverse effect of the electric field induced strain of 
the piezoelectric/electrostrictive substance 4. The pie- 
zoelectric/electrostrictive element 31 is expanded when 
an electric field at 180° opposite to the polarization di- 
rection P (at a field intensity which does not cause po- 
larization inversion) is applied. The main surface refers 
to the side of the ceramic substrate 2 on which the pie- 
zoelectric/electrostrictive substances are formed. 
[0055] Since the polarization field is parallel to the 
driving electric field of the piezoelectric/electrostrictive 
substance 4 which makes up the piezoelectric/electros- 
trictive element 31 , it is unnecessary to apply an electric 
field by forming a temporal polarization electrode which 
is necessary when utilizing a mode. in which the polari- 
zation direction is not parallel to the driving field such as 
a shear mode (d15), whereby throughput can be im- 
proved. 

[0056] Moreover, a manufacturing process accompa- 
nying heating at a high temperature equal to or more 
than the Curie temperature can be applied regardless 
of polarization processing. Therefore, the piezoelectric/ 
electrostrictiye device can be secured and wired to a cir- 
cuit board by soldering using solder reflow orthermoset 
bonding, for example. This enables the throughput to be 
further improved including manufacturing steps for a 
product to which the piezoelectric/ electrostrictive de- 



vice is applied, whereby the manufacturing cost can be 
decreased. The polarization is not changed even if the 
piezoelectric/electrostrictive device is driven at a high 
field intensity. The polarization can be in a better state, 
s whereby a large amount of strain can be stably obtained. 
Therefore, the size of the piezoelectric/electrostrictive 
device can be further decreased. 

8) piezoelectric/electrostrictive substance excelling in 
10 degree of profile 

[0057] The matrix type piezoelectric/electrostrictive 
device 1 is in the shape of a rectangular parallelepiped 
except for the curved surface near the joined section, 

15 as shown in FIG. 1 (a). The matrix type piezoelectric/ 
electrostrictive device 1 is formed so that the degree of 
surface profile of the piezoelectric/electrostrictive sub- 
stance 4 of the piezoelectric/electrostrictive element 31 
is about 8 u.m or less. Therefore, a desired amount of 

20 displacement or force generation can be allowed to act 
in a desired direction, whereby the characteristics of the 
piezoelectric/electrostrictive element 31 can be effi- 
ciently utilized. The piezoelectric/electrostrictive ele- 
ment 31 exhibits high tolerance to reaction applied by 

25 action such as pushing or striking an object by operating 
the piezoelectric/electrostrictive element 31 due to an 
excellent degree of profile. Therefore, damage such as 
breaking or cracking rarely occurs even in the case of 
using thin and tall piezoelectric/electrostrictive elements 

30 having a high aspect ratio. 

[0058] The degree of surface profile is defined in Jap- 
anese Industrial Standards (JIS) B0621 "Definitions and 
designations of geometrical deviations". The surface 
profile refers to a surface designated to have a shape 

35 specified from the viewpoint of the function. The degree 
of surface profile refers to the amount of deviation of the 
surface profile from a geometrical profile specified by 
theoretically accurate dimensions. 

40 9) Piezoelectric/electrostrictive element having high 
aspect ratio 

[0059] Each of the piezoelectric/electrostrictive ele- 
ments which make up the matrix type piezoelectric/ 
45 electrostrictive device generally generates displace- 
ment shown by an equation (1) and stress F B shown by 
an equation (2). 

50 X B ^^xd 31 xV (1) 

F =Wx ^ x V (2) 



[0060] Specifically, displacement and force genera- 
tion can be designed individually. T, L, and W respec- 
tively represent the thickness, length, and width of the 
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piezoelectric/electrostrictive substance. 
[0061] S E represents elastic compliance. Therefore, 
it is advantageous to decrease the thickness T and in- 
crease the height L of the piezoelectric/electrostrictive 
substance in order to secure both displacement and s 
force generation. However, it is very difficult to handle 
such a plate-shaped member having a high aspect ratio 
(L/T). Moreover, it is impossible to arrange the plate- 
shaped members with high accuracy. 
[0062] The matrix type piezoelectric/electrostrictive 10 
device 1 according to the present invention is manufac- 
tured by a method described later so that the piezoelec- 
tric/electrostrictive elements 31 are integrally formed 
with the substrate 2 and have an aspect ratio as high as 
20-200 without individually handling or arranging each is 
of the piezoelectric/electrostrictive elements 31 (direc- 
tion of height is omitted in FIGS. 1 (a)to1 (c)). The matrix 
type piezoelectric/electrostrictive device 1 is formed so 
that large displacement and large force generation are 
obtained at a low drive voltage. 20 

10) Highly integrated piezoelectric/electro-strictive 
element 

[0063] The matrix type piezoelectric/electrostrictive 25 
device 1 is manufactured by a method described later 
so that the thickness T of the piezoelectric/electrostric- 
tive substance 4 of the piezoelectric/electrostrictive el- 
ement 31 is as thin as 300 u.m or less. The matrix type 
piezoelectric/electrostrictive device 1 has a structure in so 
which the driver electrodes are formed on the outer sur- 
face of the piezoelectric/electrostrictive substance 4. 
Therefore, the piezoelectric/electrostrictive elements 31 
can be disposed at a high degree of integration in com- 
parison with conventional piezoelectric/electrostrictive 35 
elements. The piezoelectric/electrostrictive elements 31 
can be two-dimensionally arranged on the substrate 2 
at a pitch of 1 mm, or even at a pitch of 0.5 mm or less. 
[0064] As described in the section 9) "piezoelectric/ 
electrostrictive element having high aspect ratio", since 40 
the piezoelectric/electrostrictive elements 31 are 
formed integrally with the substrate 2 without individu- 
ally handling or arranging each of the piezoelectric/elec- 
trostrictive elements 31, the piezoelectric/electrostric- 
tive elements having a high aspect ratio can be disposed 
at a high density. In more detail, the piezoelectric/elec- 
trostrictive elements 31 are disposed at a density where- 
by the ratio of the height L of the piezoelectric/electros- 
trictive element 31 to an interval between the adjacent 
piezoelectric/electrostrictive elements 31 is about 20:1 50 
to 200:1. The matrix type piezoelectric/electrostrictive 
device 1 having such a high degree of integration is suit- 
able as an actuator used for optical switches for optical 
switching systems, print heads for ink jet printers, and 
the like, which will be developed in the future. ss 



1 1 ) Smoothness of side of piezoelectric/ electrostrictive 
substance 

[0065] In the matrix type piezoelectric/electrostrictive 
device 1 , a surface roughness Rt of the sides of the pi- 
ezoelectric/electrostrictive substance 4 which makes up 
the piezoelectric/electrostrictive element 31 is 9 \im or 
less, and a surface roughness Ra of the sides of the 
piezoelectric/electrostrictive substance 4 is 0.1 to 0.5 
ujti. Therefore, since the surface of the piezoelectric/ 
electrostrictive substance 4 is almost smooth, uniform, 
and homogenous, variation of the thickness of the pie 7 
zoelectric/eiectrostrictive substance 4 is small. Moreo- 
ver, the electrodes 18 and 19 in the shape of a film ex- 
hibit good adhesion to the sides of the piezoelectric/ 
electrostrictive substance 4 and can be formed uniform- 
ly. Because of this, the piezoelectric/electrostrictive sub- 
stance 4 can be driven effectively. In other words, the 
piezoelectric/electrostrictive element 31 has a small 
stress distribution when an electric field is applied, is 
rarely damaged, has high reliability, has small inclination 
of displacement and force generation, and shows a uni- 
form direction of action. 

[0066] If the surface roughness Rt exceeds 9 urn or 
the surface roughness Ra exceeds 0.5 jxm, it is difficult 
to uniformly coat the sides (surface) of the piezoelectric/ 
electrostrictive substance 4, whereby formation of 
dense electrodes having a uniform thickness becomes 
difficult. Moreover, if the surface roughness Rt and the 
surface roughness Ra are increased, the distance be- 
tween the electrodes which face each other with the pi- 
ezoelectric/electrostrictive substance interposed there- 
between may become non-uniform, whereby a field con- 
centration or field distribution may easily occur. 
[0067] If the surface roughness Ra is less than 0.1 
um, internal stress of the electrodes (films) is increased, 
whereby delamination due to drive of the piezoelectric/ 
electrostrictive element may easily occur with the pas- 
sage of time. Therefore, piezoelectric characteristics 
and the like cannot be effectively obtained due to a de- 
crease in adhesion between the sides of the piezpelec- 
tric/electrostrictive substance and the electrodes, a de- 
crease in the effective electrode area of the piezoelec- 
tric/electrostrictive element 31 , and nonuniform electric 
field induced strain. Moreover, the piezoelectric charac- 
teristics may become unstable. 

[0068] In particular, if the surface roughness Rt ex- 
ceeds 9 |im, the matrix type piezoelectric/electrostric- 
tive device 1 may not be stably driven, because variation 
of strength against reaction when applying action, such 
as buckling strength and flexural strength, is increased 
between the piezoelectric/electrostrictive elements 31 . 
[0069] The surface roughness used herein refers to a 
surface roughness defined in JIS B0601 "Definitions 
and designations of surface roughness". The surface 
roughness Ra used herein refers to a centerline average 
roughness defined in JIS B0601 -1 982 and corresponds 
to a value obtained by folding a roughness profile from 
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the center line and dividing the area obtained by the 
roughness profile and the center line by the length L. 
Generally, the surface roughness Ra is directly read 
from the divisions indicated in a surface roughness 
measuring device. The surface roughness Rt is the 5 
same as a maximum height Rmax defined by the differ- 
ence between the highest point and the lowest point on 
the measured surface. 

[0070] The embodiments of the matrix type piezoe- 
lectric/ electrostrictive device according to the present 10 
invention are further described below with reference to 
the drawings. Matrix type piezoelectric/electrostrictive 
devices described below have at least the above char- 
acteristics 1) to 7), and preferably the above character- 
istics 8) to 11). 15 
[0071] FIG. 9 is an oblique view showing another em- 
bodiment of the matrix type piezoelectric/electrostrictive 
device according to the present invention. In a matrix 
type piezoelectric/electrostrictive device 90, a plurality 
of piezoelectric/electrostrictive elements 33, each hav- 20 
ing the piezoelectric/electrostrictive substance 4, in 
which the foot section forms the curved surface 13, and 
a pair of the electrodes 18 and 19, are formed on the 
ceramic substrate 2. A pair of the adjacent piezoelectric/ 
electrostrictive elements 33 is covered with a planar 25 
plate 7 on the sides opposite to the ceramic substrate 2 
to make up a cell 3. The piezoelectric/electrostrictive 
substance 4 produces strain on the ceramic substrate 
2 by an applied electric field, whereby the piezoelectric/ 
electrostrictive element 33 is expanded/contracted 30 
(driven). 

[0072] One pair of the piezoelectric/electrostrictive el- 
ements 33 may be expanded/contracted at the same 
time, or only one of the pair of piezoelectric/electrostric- 
tive elements 33 may be expanded/contracted. It is pref- 35 
erable to allow one of the pair of piezoelectric/electros- 
trictive elements 33 to be expanded and the other pie- 
zoelectric/electrostrictive element 33 to be contracted. 
If the pair of piezoelectric/ electrostrictive elements 33 
is expanded at the same time when pressing an object *o 
by the planar plate 7 (active side), the object can be 
pressed by a greater amount of driving force through the 
planar plate 7 in comparison with the case where only 
one piezoelectric/electrostrictive element 33 is expand- 
ed. 45 
[0073] This means that the width W of the piezoelec- 
tric/electrostrictive element is increased to 2W as is 
clear from the above equations (1 ) to (3). This cell struc- 
ture enables mechanical strength, displacement, and 
force generation to be increased due to the presence of 50 
the planar plate 7, even if the thickness T of the piezo- 
electric/electrostrictive substances is decreased. If one 
of the pair of piezoelectric/electrostrictive elements 33 
is expanded and the other piezoelectric/electrostrictive 
element 33 is contracted, or only one of the piezoelec- 55 
tric/electrostrictive elements 33 is driven, the planar 
plate 7 can be tilted at an angle from the horizontal sur- 
face of the planar plate 7. This widens application to op- 



tical systems used for projectors and optical switches 
by forming the planar plate 7 using a micromirror and 
changing the reflection angle of incident light by using 
the micromirror, for example. 

[0074] FIG. 26 is an oblique view showing still another 
embodiment of the matrix type piezoelectric/electros- 
trictive device according to the present invention. In a 
matrix type piezoelectric/electrostrictive device 260, a 
plurality of piezoelectric/electrostrictive elements 44, 
each having a pair of the piezoelectric/electrostrictive 
substance 4 in which the foot section forms the curved 
surface 13, the electrode 18, and an electrode 69, are 
formed on the ceramic substrate 2. Through holes 128 
and 129 which are formed through the ceramic sub- 
strate 2 and to which a conductive material is applied 
are formed toward the side of the ceramic substrate 2 
opposite to the side on which the piezoelectric/electros- 
trictive elements 44. The through holes 1 28 and 1 29 are 
connected with electrode terminals (not shown). 
[0075] A highly flexible conductor such as a conduc- 
tive resin having adhesion is inserted between the pair 
of piezoelectric/electrostrictive substances 4 in which 
the foot section forms the curved surface 13. This con- 
ductor is allowed to function as the electrode 69. The 
electrode 69 has a degree of flexibility which does not 
inhibit strain produced by the piezoelectric/electrostric- 
tive substance 4. The electrodes 18 are formed on the 
sides of the pair of piezoelectric/electrostrictive sub- 
stances 4 opposite to the side on which the electrode 
69 is formed. Specifically, the piezoelectric/electrostric- 
tive elements, each having the piezoelectric/electros- 
trictive substance 4 and the electrodes 1 8 and 69, share 
the electrode 69 to make up the piezoelectric/ electros- 
trictive element 44. 

[0076] In the matrix type piezoelectric/electrostrictive 
device 260, since each of the pair of piezoelectric/ elec- 
trostrictive substances 4 which makes up the piezoelec- 
tric/ electrostrictive element 44 can be formed thinner 
and higher, the piezoelectric/electrostrictive element 44 
easily produces displacement. The piezoelectric/elec- 
trostrictive element 44 consists of the pair of piezoelec- 
tric/electrostrictive substances 4 which faces each other 
through the flexible conductor (electrode 69). Moreover, 
the foot sections of the pair of piezoelectric/electrostric- 
tive substances 4 form the curved surfaces 1 3. This en- 
ables mechanical strength of the piezoelectric/electros- 
trictive element 44 to be secured. Therefore, large dis- 
placement and large stress can be obtained at a low 
drive voltage, whereby the piezoelectric/electrostrictive 
element 44 is capable of functioning as a high perform- 
ance piezoelectric/electrostrictive element. The effect of 
the shape of the piezoelectric/electrostrictive element 
44 in the matrix type piezoelectric/electrostrictive device 
260 can be further advantageously applied in compari- 
son with the matrix type piezoelectric/elcclrosirictive de- 
vice 90. 

[0077] Three or more piezoelectric/elcclrosirictive el- 
ements 33 may be connected as one sol and the sides 
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of the piezoelectric/electrostrictive elements 33 oppo- 
site to the ceramic substrate 2 may be covered with the 
planar plate 7 (not shown). A closed cell 3 may be 
formed so that the four sides of the cell 3 are formed by 
the piezoelectric/electrostrictive elements 33. 5 
[0078] FIG. 21 is an oblique view showing still another 
embodiment of the matrix type piezoelectric/electros- 
trictive device according to the present invention. In a 
matrix type piezoelectric/electrostrictive device 210, 
wall sections 8 are provided between the piezoelectric/ w 
electrostrictive elements 39 adjacent in the uniaxial di- 
rection. According to this structure, electrical interfer- 
ence between the adjacent piezoelectric/electrostrictive 
elements 39 can be prevented. Moreover, the wall sec- 
tion 8 can be used as a joined section between an object 15 
of action and the matrix type piezoelectric/electrostric- 
tive device. Therefore, propagation of action from the 
neighboring region to the object of action can be effec- 
tively controlled when operating the piezoelectric/elec- 
trostrictive device. In addition to extremely small opera- 20 
tional interference between the piezoelectric/electros- 
trictive elements, which is one of the features of the ma- 
trix type piezoelectric/electrostrictive device of the 
present invention, displacement or force to be generat- 
ed can be allowed to intensively act on a specific region. 25 
Therefore, a piezoelectric/electrostrictive device exhib- 
iting high efficiency of action is realized. 
[0079] The wall section and the piezoelectric/elec- 
trostrictive element are not necessarily at the same 
height in a state in which a voltage is not applied, differ- 30 
ing from the matrix type piezoelectric/electrostrictive de- 
vice 21 0 shown in FIG. 21 . For example, the wall section 
may be lower than the piezoelectric/electrostrictive ele- 
ment as in a matrix type piezoelectric/electrostrictive de- 
vice 220 shown in FIG. 22. Or, the wall section may be 35 
higher than the piezoelectric/electrostrictive element as 
in a matrix type piezoelectric/electrostrictive device 230 
shown in FIG. 23. The configuration of the wall section 
and the piezoelectric/electrostrictive element may be 
appropriately selected depending on the object of ac- 40 
tion. 

[0080] The wall section may be provided not only be- 
tween the piezoelectric/electrostrictive elements adja- 
cent in the uniaxial direction, but also between the pie- 
zoelectric/electrostrictive elements adjacent in the biax- *s 
ial direction. A matrix type piezoelectric/electrostrictive 
device 270 shown in FIG. 24 is one embodiment of such 
a structure. In the matrix type piezoelectric/electrostric- 
tive device 270, the wall sections 8 are adjacent to pie- 
zoelectric/electrostrictive elements 45 in the biaxial di- so 
rection. Therefore, action. applied from the piezoelectric/ 
electrostrictive element 45 rarely released in compari- 
son with the matrix type piezoelectric/electrostrictive de- 
vices 210, 220, and 230. 

[0081] Since the wall section is formed of the same 55 
material as the piezoelectric/electrostrictive element, 
the wall section may have the following configuration. 
The piezoelectric/electrostrictive device may be formed 



so that the wiring area such as via holes orthrough hoies 
is not provided to the wall section. The wall section may 
be provided with wiring or the like as the piezoelectric/ 
electrostrictive element, but allowed to only function as 
the wall section instead of the element. 
[0082] FIG. 25 is an oblique view showing still another 
embodiment of the matrix type piezoelectric/electros- 
trictive device according to the present invention. In a 
matrix type piezoelectric/electrostrictive device 250, a 
groove section 9 is formed on the surface of the ceramic 
substrate 2 between adjacent piezoelectric/electrostric- 
tive elements 43. According to this structure, electrodes 
of the adjacent piezoelectric/electrostrictive elements 
43 opposite to each other can be easily allowed to have 
different polarities by the presence of the groove section 
9. Moreover, since the insulation distance between the 
piezoelectric/electrostrictive elements 43 can be in- 
creased by forming the groove section 9, occurrence of 
short circuits or the like can be prevented even if the 
pitch of the piezoelectric/electrostrictive elements 43 is 
decreased. 

[0083] In a matrix type piezoelectric/electrostrictive 
device 280 shown in FIG. 30, piezoelectric/electrostric- 
tive elements 46 having a high aspect ratio are arranged 
at a high pitch (high density). According to the present 
invention, even if the piezoelectric/electrostrictive ele- 
ments 46 have large dimensions in one direction, the 
piezoelectric/electrostrictive elements 46 can be two-di- 
mensionally arranged at a desired pitch and high yield 
without handling each of the piezoelectric/electrostric- 
tive elements, specifically, without attaching the piezo- 
electric/electrostrictive elements 46 to the substrate 2 
or attaching the two substrates 2. 
[0084] In the practical application, it is preferable to 
fill the space between the piezoelectric/electrostrictive 
elements 46 with an insulator having flexibility which 
does not impair displacement and force generation in 
orderto prevent a decrease in insulation due to entrance 
of foreign matter between the piezoelectric/electrostric- 
tive elements 46, to improve handling capability, and the 
like. The pitch advantageously employed in the present 
invention is 2 mm or less, preferably 1 mm or less, and 
still more preferably 0.1 to 0.5 mm. 
[0085] In a matrix type piezoelectric/electrostrictive 
device 370 shown in FIG. 12, piezoelectric/electrostric- 
tive elements having a high aspect ratio are arranged at 
a high density in the same manner as in the matrix type 
piezoelectric/electrostrictive device 280. Electrode ter- 
minals 321 are disposed on the front side of the piezo- 
electric/electrostrictive device using via holes (not 
shown) formed through a ceramic substrate 472 and a 
wiring substrate 371 mounted on the side of the ceramic 
substrate 472 opposite to the side on which the piezo- 
electric/electrostrictive elements are disposed. Such a 
configuration facilitates bonding between the electrode 
terminals 321 and the power supply and enables utili- 
zation of the wiring substrate 371 for handling. 
[0086] FIG. 33 is an oblique view showing still another 
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embodiment of the matrix type piezoelectric/el ectros- 
trictive device according to the present invention. In a 
matrix type piezoelectric/electrostrictive device 80, a 
plurality of piezoelectric/electrostrictive elements 32, 
each having the piezoelectric/electrostrictive substance 
14, in which the foot section forms the curved surface 
13, a pair of electrodes, specifically, a pair of common 
electrodes 28 and 29, and internal electrodes 48 and 
49, are formed on the ceramic substrate 2. The matrix 
type piezoelectric/electrostrictive device 80 is driven by 
allowing the piezoelectric/electrostrictive substance 14 
to produce strain on the ceramic substrate 2 by an ap- 
plied electric field. 

[0087] The matrix type piezoelectric/electrostrictive 
device 80 according to the present invention has at least 
the characteristics 1) two-dimensional arrangement of 
piezoelectric/electrostrictive element, 2) complete inde- 
pendence of piezoelectric/electrostrictive element, 3) 
formation of electrode on low transgranularly fractured 
surface, 4) formation of curved surface at joined section, 
5) formation of electrode terminal, 6) expansion/con- 
traction displacement, and 7) parallelism between po- 
larization and driving electric field, and preferably the 
characteristics 8) piezoelectric/electrostrictive sub- 
stance excelling in degree of profile, 9) piezoelectric/ 
electrostrictive element having high aspect ratio, 10) 
highly integrated piezoelectric/ electrostrictive element, 
and 11) smoothness of side of piezoelectric/electrostric- 
tive element in the same manner as the above-de- 
scribed matrix type piezoelectric/electrostrictive devic- 
es. .. 

[0088] However, the matrix type piezoelectric/electro- 
strictive device 80 differs from the above-described ma- 
trix type piezoelectric/electrostrictive devices in the fol- 
lowing two features. 

[0089] The matrix type piezoelectric/electrostrictive 
device 80 may have a configuration in which the elec- 
trode terminals are formed on the side of the ceramic 
substrate 2 opposite to the side on which the piezoelec- 
tric/electro-strictive elements 32 are disposed, and each 
of the electrodes is electrically connected with each of 
the electrode terminals through the via holes in the same 
manner as in the matrix type piezoelectric/electrostric- 
tive device 1 . However, in the piezoelectric/electrostric- 
tive device 80, a plurality of layer-shaped piezoelectric/ 
electrostrictive substances and a plurality of layer- 
shaped internal electrodes are alternately stacked on 
the ceramic substrate, differing from the piezoelectric/ 
electrostrictive device in which the piezoelectric/elec- 
trostrictive elements in the shape of a rectangular par- 
allelepiped are provided vertically to the ceramic sub- 
strate and a pair of electrodes is formed on the sides of 
the piezoelectric/electrostrictive substance. Specifical- 
ly, in the matrix type piezoelectric/electrostrictive device 
80 shown in FIG. 33, the electrodes are formed on the 
sides (low transgranularly fractured surfaces) of the pi- 
ezoelectric/electrostrictive element in the same manner 
as in the matrix type piezoelectric/electrostrictive device 



1 . However, the electrodes are connected with the in- 
ternal electrodes at every other layer and function as 
common electrodes for applying the same signal to the 
internal electrodes at every other layer. 

5 [0090] in the matrix type piezoelectric/electrostrictive 
device 80, the polarization electric field and the driving 
electric field are parallel in the same manner as in the 
matrix type piezoelectric/electrostrictive device 1 . In the 
matrix type piezoelectric/electrostrictive device 1 , the pi- 

10 ezoelectric/electrostrictive element is expanded/ con- 
tracted vertically to the main surface of the ceramic sub- 
strate based on displacement caused by the transverse 
effect of the electric field induced strain of the piezoe- 
lectric/electrostrictive substance. However, in the matrix 

15 type piezoelectric/electrostrictive device 80, the piezo- 
electric/electrostrictive element is expanded/contracted 
vertically to the main surface of the ceramic substrate 
based on displacement caused by a longitudinal effect 
of the electric field induced strain of the piezoelectric/ 

20 electrostrictive substance. 

[0091] FIG. 34 is a side view showing the piezoelec- 
tric/electrostrictive element 32 of the matrix type piezo- 
electric/electrostrictive device 80 illustrated in FIG. 33 
along across section passing through the common elec- 
ts trodes 28 and 29 and the internal electrodes 48 and 49. 
In the matrix type piezoelectric/electrostrictive device 
80, the layer-shaped piezoelectric/electrostrictive sub- 
stances 14 and the layer-shaped internal electrodes 48 
and 49 which are alternately stacked to make up the pi- 

30 ezoelectric/electrostrictive element 32. The piezoelec- 
tric/electrostrictive element 32 has ten layers of the pi- 
ezoelectric/electrostrictive substances 14. The number 
of stacked piezoelectric/electrostrictive layers is appro- 
priately determined depending on the application and 

35 object. The number of stacked piezoelectric/electros- 
trictive layers is preferably 10 to 200 in view of stability 
of characteristics of the actuator and ease of manufac- 
ture. 

[0092] In the matrix type piezoelectric/electrostrictive 

40 device 80, the piezoelectric/electrostrictive substance 
14 which makes up the piezoelectric/electrostrictive el- 
ement 32 is polarized in the direction P in FIG. 34, for 
example. An electric field in the direction E is formed by 
connecting the power supply to the electrode terminals 

45 20 and 21 and applying a voltage between the common 
electrode 28 (positive) and the common electrode 29 
(negative). Specifically, the layer-shaped piezoelectric/ 
electrostrictive substances 14 having a polarization in 
the opposite directions are stacked with the internal 

so electrodes 48 and 49 interposed therebetween. The po- 
larization and the driving electric field are in the same 
direction in each of the piezoelectric/electrostrictive 
substances 14. As a result, electric field induced strain 
is produced in the piezoelectric/electrostrictive sub- 

55 stances 14. The piezoelectric/electrostrictive element 
32 is expanded/contracted in the direction S, which is 
the stacking direction with respect to the main surface 
of the ceramic substrate 2, based on displacement 
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caused by the longitudinal effect of the strain. Since the 
expansion/contraction displacement directly utilizes 
electric field induced strain differing from conventional 
uni-morph or bi-morph bending displacement, force 
generation and the response speed are increased. 5 
[0093] This type of piezoelectric/electrostrictive ele- 
ment excels in force generation and response speed in 
comparison with the element shown in FIG. 1 (a) and 
the like which utilize the transverse effect of the electric 
field induced strain. Although the amount of displace- 10 
ment produced by each layer is small, the amount of 
displacement is increased in proportion to the number 
of piezoelectric/electrostrictive layers, more precisely, 
the number of sets consisting of the piezoelectric/elec- 
trostrictive layer and a pair of electrodes. Therefore, is 
large displacement can be obtained by increasing the 
total number of sets. However, an increase in the 
number of layers results in a decrease in reliability of 
connection between the common electrodes and the in- 
ternal electrodes, an increase in power consumption 2 ° 
due to an increase in electrostatic capacitance, and an 
increase in the number of manufacturing steps. 
[0094] In the matrix type piezoelectric/electrostrictive 
device 80 shown in FIG. 33, the thickness of one layer 
of the piezoelectric/electrostrictive substance 1 4 is pref- 25 
erably 1 00 um or less, and still more preferably 1 0 to 80 
u.m in order to enable the matrix type piezoelectric/elec- 
trostrictive device 80 to be driven at a low voltage. 
[0095] Application examples of the matrix type piezo- 
electric/electrostrictive device according to the present 30 
invention are described below with reference to the 
drawings. 

[0096]^ FIGS. 6 (a) and 6 (b) are views showing an ex- 
ample in which the matrix type piezoelectric/electrostric- 
tive device of the present invention is applied to a mi- 35 
crovalve as an actuator. FIG. 6 (a) is an oblique view 
showing an actuator section of the microvalve. FIG. 6 
(b) is a vertical cross-sectional view of the microvalve. 
A microvalve 65 includes a valve seat section 64 and 
an actuator section 61 , in which the matrix type piezoe- *o 
lectric/electrostrictive device is used as the actuator 
section 61 . 

[0097] The valve seat section 64 has openings 63 
which pair up with a plurality of piezoelectric/electros- 
trictive elements 37 in the actuator section 61. In the 45 
actuator section 61 , the piezoelectric/electrostrictive el- 
ement 37 is displaced by an external signal. A valve plug 
section 66 is provided on the side of the piezoelectric/ 
electrostrictive element 37 opposite to the ceramic sub- 
strate 2. The passage cross sectional area of the open- so 
ing 63 can be changed by allowing the valve plug section 
66 to approach to or separate from the opening 63 in 
the valve seat section 64 through displacement of the 
piezoelectric/electrostrictive element 37 in the actuator 
section 61 . The flow rate of a fluid 67 or the like passing 55 
through the opening 63 can be adjusted by this opera- 
tion, 

[0098] The microvalve 65 is capable of adjusting the 



passage cross sectional area of the opening 63 by 
changing the amount of displacement of the piezoelec- 
tric/electrostrictive element 37. FIG. 6 (b) schematically 
shows a state of the piezoelectric/electrostrictive ele- 
ment 37. In the case where the piezoelectric/electros- 
trictive element is the type of element shown in FIG. 1 
(a), the piezoelectric/electrostrictive element 37a shown 
on the left in FIG. 6 (b) is in a contracted state by a spe- 
cific applied voltage. The valve plug section 66 opens 
the opening 63 to its full width, thereby maximizing the 
flow rate of the fluid 67 passing through the opening 63. 
A piezoelectric/electrostrictive element 37c shown on 
the right in FIG. 6 (b) is in a non-operating state. The 
valve plug section 66 closes the opening 63, whereby 
the fluid 67 cannot pass through the opening 63. The 
piezoelectric/electrostrictive element 37 can be allowed 
to be in one of the states shown by the piezoelectric/ 
electrostrictive elements 37a to 37c by changing the 
amount of displacement of the piezoelectric/electrostric- 
tive element 37. As a result, the passage cross sectional 
area of the opening 63 is adjusted freely, whereby the 
flow rate of the fluid 67 or the like passing through the 
opening 63 is adjusted. The state of the piezoelectric/ 
electrostrictive element 37b shown at the center in FIG. 
6 (b) is one example. Therefore, the microvalve 65 is 
capable of functioning as not only an ON-OFF valve but 
also a control valve. 

[0099] The shape of the opening 63 and the shape of 
the valve plug section 66 are not limited to those this 
example. The shape of the opening 63 and the shape 
of the valve plug section 66 may be determined in the 
same manner as in generally used valves by setting the 
relation between the displacement of the piezoelectric/ 
electrostrictive element 37 and the flow rate of the fluid 
67 or the like to be linear or in the shape of a quadric 
curve, or the like. 

[0100] Since the microvalve is capable of freely 
changing the flow rate of the fluid or the like passing 
through the opening, the pressure at which the fluid such 
as air is blown from the opening can be freely changed. 
Therefore, the microvalve may be used as a transpor- 
tation device which transports an object placed on the 
upper side of the opening while positioning the object 
from a specific position to another specific position by 
changing the pressure on the upper side of the opening 
so as to wave by utilizing the pressure. A lightweight ob- 
ject such as paper can be transported in a floating state 
without contacting the microvalve. Therefore, such a 
transportation device is suitable for transportation of 
printed matter or the like, of which the printed side must 
be prevented from being held. 

[0101] FIGS. 7 (a) and 7 (b) are views showing an ex- 
ample in which an optical modulator is formed by com- 
bining the matrix type piezoelectric/electrostrictive de- 
vice of the present invention with an optical interferom- 
eter. FIG. 7 (a) is a top view showing an optical interfer- 
ometer. FIG. 7 (b) is a cross-sectional view along the 
line A-A shown in FIG. 7 (a). An optical interferometer 
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74 is formed by connecting two directional couplers 73 
by using two arm optical waveguide core sections 77a 
and 77b. An optical modulator 75 includes the optical 
interferometer 74 and an actuator section 71 for apply- 
ing stress to at least part of one of the optical waveguide 
core sections 77a and 77b. 

[0102] As shown in FIG. 7 (b), the actuator section 71 
is disposed on an optical waveguide 77 (quartz 
waveguide or polymer waveguide made of polyimide, 
for example) consisting of a cladding section 77c and 
the optical waveguide core sections 77a and 77b on a 
substrate 72 (silicon, for example) so as to face the op- 
tical waveguide core section 77a on one side. The op- 
tical moduiator 75 may have a configuration in which a 
space is formed between the actuator section 71 and 
the optical waveguide 77, and stress is applied by al- 
lowing the actuator section 71 to come in contact with 
the optical waveguide 77. The optical modulator 75 may 
have a configuration in which stress is applied in a state 
in which the actuator section 71 is always in contact with 
the optical waveguide 77. In the former case, the space 
may be removed and stress may be applied by applying 
a voltage, or stress may be applied in an initial state and 
the space may be formed due to a decrease in stress 
by application of a voltage. 

[0103] The refractive index of the optical waveguide 
core section 77a is changed by applying stress to the 
optical waveguide core section 77a. This causes retar- 
dation to be produced between light transmitted through 
the arm optical waveguide core section 77a and light 
transmitted through the arm optical waveguide core sec- 
tion 77b, whereby light at an intensity corresponding to 
the retardation can be output. Binary values consisting 
of OFF and ON of the transmitted light can be output by 
setting the retardation to a specific value. 
[0104] Therefore, a transmission path can be 
switched by utilizing the ON-OFF function, if the optical 
modulators are two-dimensionally arranged. Since the 
matrix type piezo electric/el ectrostrictive device accord- 
ing to the present invention includes the substrate and 
is formed as a face, the matrix type piezoelectric/elec- 
trostrictive device is suitably disposed to face such two- 
dimensionally arranged optical interferometers. Moreo- 
ver, since the matrix type piezoelectric/el ectrostrictive 
device according to the present invention produces 
large displacement, the space between the piezoeiec- 
tric/electrostrictive device and the optical interferom- 
eters need not necessarily be as precise as possible. A 
comparatively large amount of stress is necessary for 
changing the refractive index of the optical waveguide 
core. However, such a large amount of stress can be 
easily realized by large force generation of the matrix 
type piezoelectric/electrostrictive device according to 
the present invention. 

[0105] Generally, the refractive index is changed by 
utilizing a thermooptic effect of the optical waveguide 
material. However, a heat removal mechanism for re- 
ducing crosstalk or increasing response is indispensa- 



ble for a switch utilizing heat. Moreover, use conditions, 
such as the necessity of air conditioning such as cooling 
in order to prevent malfunction due to an increase in 
temperature of the switch, may be limited. However, 

5 such limitations can be eliminated by controlling the re- 
fractive index by utilizing stress. Therefore, since no 
heat source is necessary, a switch advantageous for de- 
creasing power consumption can be realized. 
[0106] The matrix type piezoelectric/electrostrictive 

10 device of the present invention may be employed as an 
actuator section of the optical switch 200 shown in FIGS. 
2 (a) and 2 (b) instead of an actuator section 211 . 
[0107] The optical switch 200 shown in FIGS. 2 (a) 
and 2 (b) includes a light transmitting section 201 , an 

15 optical path change section 208, and the actuator sec- 
tion 211. The light transmitting section 201 includes a 
light reflecting surface 101 provided on part of the side 
opposite to the optical path change section 208, and 
light transmitting paths 202, 204, and 205 provided in 

20 three directions from the light reflecting surface 1 01 . The 
optical path change section 208 includes a light intro- 
ducing member 209 which is movably provided close to 
the light reflecting surface 101 in the light transmitting 
section 201 and formed of a transparent materia), and 

25 a light reflecting member 21 0 which causes light to be 
totally reflected. The actuator section 211 includes a 
mechanism which is displaced by an external signal and 
transmits the displacement to the optical path change 
section 208. The optical path change section 208 comes 

30 in contact with or is separated from the light reflecting 
surface 101 in the light transmitting section 201 by the 
operation of the actuator section 211, whereby light 221 
input to the light transmitting path 202 is totally reflected 
by the light reflecting surface 1 01 in the light transmitting 

35 section 201 and transmitted to the specific light trans- 
mitting path 204 on the output side. The light 221 is ex- 
tracted and introduced into the light introducing member 
209, totally reflected by the light reflecting surface 102 
in the light reflecting member 210, and transmitted to 

40 the specific light transmitting path 205 on the output 
side. An optical switch at high contrast and small loss 
can be formed by employing the matrix type piezoelec- 
tric/electrostrictive device of the present invention as the 
actuator section of the optical switch 200 instead of the 

45 actuator section 211 which produces bending displace- 
ment. 

[0108] Another embodiment of the optical switch in 
which the matrix type piezoelectric/electrostrictive de- 
vice according to the present invention is applied as the 

50 actuator section is described below. 

[0109] An optical switch 290 shown in FIG. 16 is dis- 
closed in the Institute of Electronics, Information and 
Communication Engineers (IEICE), Electronics Society 
Conference 2001 , advance materials, p. 182. In the op- 

55 tical switch 290, optical waveguide core sections 1 77a 
to 1 77d are formed in an optical waveguide member 1 77 
so as to intersect one another. Notches are formed in 
optical path change sections (intersection points) 298a 



17 



31 



EP 1 432 048 A1 



32 



to 298d. 

[0110] The optical switch 290 is a matrix switch capa- 
ble of changing the transmission path of light input to 
one of the optical waveguide core sections 1 77a to 1 77d 
in the optical path change sections 298a to 298d by 5 
forming an optically discontinuous area by deforming 
the notches utilizing the operation of a drive mechanism 
such as an actuator section. FIG. 16 shows a state in 
which the transmission path of light 223 input to the op- 
tical waveguide core section 1 77a is changed to the op- 10 
tical waveguide core section 177b in the optical path 
change section 298b. 

[0111] In the optical switch 290, it is important to in- 
crease the widths of the notches in the optical path 
change sections 298a to 298d in order to reduce cross- 15 
talk. Therefore, large displacement is necessary for the 
actuator section (drive mechanism). 
[0112] Moreover, it is important that the optical path 
change sections 298a to 298d are capable of accurately 
reproducing the optically discontinuous state and the 20 
optically continuous state. Therefore, it is preferable to 
apply a material having a comparatively high Young's 
modulus as a material for the optical waveguide mem- 
ber 177 so that the notches in the optical path change 
sections 298a to 298d are restored advantageously. 25 
Therefore, large force generation is required as the ac- 
tuator section in order to cause the material having a 
high Young's modulus to be distorted. 
[0113] The optical waveguide core sections 177a to 
1 77d are generally formed by using a photolithographic 30 
method which enables formation of a highly accurate 
and highly integrated pattern. Therefore, an increase in 
positional accuracy and density is required for the actu- 
ator section. 

[0114] Since the matrix type piezoelectric/electros- 35 
trictive device according to the present invention directly 
utilizes the electric field induced strain of the piezoelec- 
tric/electrostrictive substance, the matrix type piezoe- 
lectric/el ect restrictive device produces large force gen- 
eration. Since the aspect ratio of the piezoelectric/elec- 40 
trostrictive element is easily increased, displacement 
can also be increased. Moreover, since the piezoelec- 
tric/electrostrictive elements are not individually at- 
tached to the ceramic substrate but are integrally formed 
in the shape of a matrix, dimensional deviation and in- *s 
clination due to bonding are small. Therefore, a config- 
uration at high density can be easily realized. Since the 
piezoelectric/electrostrictive substances which make up 
the piezoelectric/electrostrictive elements are formed in 
the shape of a foot near the joined section between the so 
piezoelectric/electrostrictive substances and the ceram- 
ic substrate, the direction of action is easily fixed and 
the strength is increased. Since the sides of the piezo- 
electric/electrostrictive substances which make up the 
piezoelectric/electrostrictive elements are almost uni- 55 
form, the electrodes are bonded with good adhesion. 
This decreases the stress distribution when applying an 
electric field, whereby the piezoelectric/electrostrictive 



substances are rarely damaged. Therefore, reliability ci 
the piezoelectric/electrostrictive elements is increased. 
Therefore, the matrix type piezoelectric/electrostrictive 
device according to the present invention is suitable as 
the actuator section of the optical switch 290. 
[0115] FIG. 17 is a cross-sectional view showing the 
optical switch 290 shown in FIG. 1 6 along the line C-C. 
In FIG. 17, a light transmitting section 281 including the 
optical waveguide core section 177a and an actuator 
section 291 including piezoelectric/electrostrictive ele- 
ments 292 are illustrated. The matrix type piezoelectric/ 
electrostrictive device 1 shown in FIG. 1 (a) is employed 
as the actuator section 291 , for example. The matrix 
type piezoelectric/electrostrictive devices 1 are dis- 
posed corresponding to the optical path change sec- 
tions 298a to 298d (notches). 

[0116] The following description illustrates an embod- 
iment of the matrix type piezoelectric/electrostrictive de- 
vice applied as the actuator section 291 of the optical 
switch 290 as an example. However, any of the embod- 
iments of the matrix type piezoelectric/electrostrictive 
devices according to the present invention may be ap- 
plied as the actuator section 291 . 
[0117] FIG. 17 shows an example in which the matrix 
type piezoelectric/electrostrictive device 1 shown in 
FIG. 1 is applied as the actuator section of the optical 
switch. In the optical switch 290 shown in FIG. 17, the 
piezoelectric/electrostrictive element 292 in the actuator 
section 291 in the optical path change section 298a is 
in a non-operating state and does not act on the optical 
waveguide core section 177a. Therefore, the notch in 
the optical path change section 298a is closed, whereby 
the optical waveguide core section 177a maintains an 
optically continuous state. In this case, the introduced 
light 223 goes straight through the optical path change 
section 298a. 

[0118] The piezoelectric/electrostrictive element 292 
in the actuator section 291 in the optical path change 
section 298b is in an operating state and allows the 
notch in the optical path change section 298b to be 
opened by applying displacement and stress to the op- 
tical waveguide core section 177a. Specifically, the op- 
tical waveguide core section 177a is in an optically dis- 
continuous state in the optical path change section 
298b. The introduced light 223 is totally reflected in the 
optical path change section 298b and transmitted to the 
optical waveguide core section 177b. 
[0119] The operating state or non-operating state of 
the actuator section (piezoelectric/electrostrictive ele- 
ment) and the presence or absence of action on the op- 
tical waveguide core section may be the reverse of that 
in the above-described case. Specifically, action on the 
optical waveguide core section may be absent when the 
actuator section is in an operating state (state of the op- 
tical path change section 298a in FIG. 17), and action 
on the optical waveguide core section may be present 
when the actuator section is in a non-operating state 
(state of the optical path change section 298b in FIG. 
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1 7). The thickness M (see FIG. 1 7) of the piezoelectric/ 
electrostrictive element which applies action on the op- 
tical path change section is preferably as small as pos- 
sible insofar as the open or close operation of the notch 
in the optical path change section is not hindered. This 
is because the amount of displacement required for the 
piezoelectric/electrostrictive element is decreased. 
[01 20] FIG. 1 8 shows an example in which the matrix 
type piezoelectric/electrostrictive device 210 shown in 
FIG. 21 is applied as the actuator section of the optical 
switch. The amount of displacement necessary for 
opening or closing the notches in the optical path 
change sections 298a to 298d can be decreased by us- 
ing the wall sections 8 of the matrix type piezoelectric/ 
electrostrictive device 21 0 as optical waveguide support 
sections 294. Specifically, since the radius of curvature 
for opening the notches in the optical path change sec- 
tions 298a to 298d is decreased by providing the optical 
waveguide support sections 294, the notches can be 
opened even if the displacement of the piezoelectric/ 
electrostrictive element 292 in the actuator section 291 
is small. This bears some allowance in the operation re- 
quired for opening the notch, whereby leakage and loss 
of a switching signal can be decreased. 
[0121] FIG. 19 shows an example in which the actu- 
ator sections are provided on each side (upper side and 
lower side) of the optical waveguide member. As the ma- 
trix type piezoelectric/electrostrictive device which can 
be applied to the actuator section 291 , any of the em- 
bodiments of the matrix type piezoelectric/electrostric- 
tive devices according to the present invention may be 
applied. For example, the matrix type piezoelectric/elec- 
trostrictive device 210 shown in FIG. 21 is preferably 
used. The notch in the optical path change section can 
be closed with higher accuracy by providing the actuator 
sections 291 on the upper side and the lower side of the 
optical waveguide member 177. Moreover, a response 
speed for switching can be increased. 
[0122] In the case where the actuator section is pro- 
vided only on one side of the optical waveguide member 
as shown in FIGS. 17 and 18, the change from the 
opened state to the closed state of the notch in the op- 
tical path change section depends on elastic restorabil- 
ity of the material used for the optical waveguide mem- 
ber. Therefore, if a soft material is used for the optical 
waveguide member, a comparatively long time is nec- 
essary for the restoration (change in state). Since this 
affects the time necessary for shifting to the next switch- 
ing operation, restoration is preferably as fast as possi- 
ble. Restoration used herein means that the material re- 
turns to an optically continuous state. Accuracy of res- 
toration may be decreased during the operation for a 
long period of time due to deterioration of the material, 
whereby leakage or loss of the signal may be increased. 
[0123] However, in the case where the actuator sec- 
tions are provided on each side of the optical waveguide 
member as shown in FIG. 19, the above problems can 
be solved by forcibly putting the notch in the optical path 



change section between actions of the piezoelectric/ 
electrostrictive elements 292 in the actuator section 291 
disposed in the upper and lower directions of the notch 
in the optical path change section. Specifically, the notch 

5 can be closed with high accuracy by pressing the optical 
waveguide member 177 from each side. Moreover, the 
change from the opened state to the closed state can 
be performed at the response speed of the actuator sec- 
tions 291 (piezoelectric/electrostrictive elements 292). 

10 Therefore, the configuration in which the actuator sec- 
tions are provided on each side of the optical waveguide 
member is advantageous for realization of a small-loss, 
small-leakage, and high-speed switch. 
[0124] An optical switch shown in FIG. 20 is almost 

is the same as the example shown in FIG. 19. However, 
in the example shown in FIG. 20, the actuator section 
291 is bonded to the optical waveguide member 177 
through rigid optical waveguide securing plates 286 pro- 
vided between the wall sections 8 which make up the 

20 actuator section 291 and the optical waveguide member 
1 77. According to this structure, since flatness of the op- 
tical waveguide core section is improved, the interval 
between the upperside (active side) of the piezoelectric/ 
electrostrictive element 292 in the actuator section 291 

25 and the optical waveguide member 177 can be main- 
tained with high accuracy, whereby accuracy of the 
switch operation can be increased. 
[0125] In FIGS. 19 and 20, the actuator sections 291 
provided on the upper side and the lower side of the op- 

30 tical waveguide member 1 77 need not necessarily have 
the same structure. For example, the matrix type piezo- 
electric/electrostrictive device 1 shown in FIG. 1 (a) may 
be provided on the upper side and the matrix type pie- 
zoelectric/electrostrictive device 210 shown in FIG. 21 

35 may be provided on the lower side. 

[0126] A light reflection mechanism to which the ma- 
trix type piezoelectric/electrostrictive device according 
to the present invention is applied is described below. 
[0127] FIG. 13 is an oblique view showing one em- 

40 bodiment of a light reflection mechanism. FIGS. 1 4 and 
1 5 are views showing part of the cross section of a light 
reflection mechanism 340 shown along the line D-D in 
FIG. 13. FIGS. 14 and 15 show specific operating states 
of the light reflection mechanism 340. The light reflection 

45 mechanism 340 is used for projectors, optical switches, 
and the like. The matrix type piezoelectric/electrostric- 
tive device according to the present invention can be 
suitably used as an actuator section 391 of the light re- 
flection mechanism 340. 

so [0128] The light reflection mechanism 340 includes 
light reflecting sections 313 in which light reflecting 
plates 311 such as micromirrors are arranged in a ma- 
trix, and the actuator sections 391. Piezoelectric/elec- 
trostrictive elements 392 are disposed at position facing 

55 the light reflecting plates 311. For example, the matrix 
type piezoelectric/electrostrictive device according to 
the present invention having wall sections represented 
by the matrix type piezoelectric/electrostrictive device 
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210 shown in FIG. 21 is used as the actuator section 
391 . One end of the light reflecting plate 31 1 is support- 
ed by a light reflecting plate support section (wall sec- 
tion) 312. The light reflecting plate 311 is tilted with re- 
spect to the light reflecting plate support section 31 2 by s 
the operation of the actuator section 391 (piezoelectric/ 
electrostrictive element 392), thereby causing the re- 
flection angle of incident light 224 to be changed. In the 
case of a projector, the color of each pixel is formed de- 
pending on the presence or absence of the reflection 10 
angle. In the case of an optical switch, a transmission 
path of a signal is switched depending on the presence 
or absence of the reflection angle. 
[0129] As shown in FIGS. 13to 15, in the actuator sec- 
tion to which the matrix type piezoelectric/electrostric- 15 
tive device according to the present invention is applied, 
the pitch between the adjacent piezoelectric/electros- 
trictive elements 392 and the pitch between the wall sec- 
tions which make up the light reflecting plate support 
sections 312 are the same. However, the actuator sec- 20 
tion may have a configuration in which the piezoelectric/ 
electrostrictive elements 392 and the wall sections ad- 
jacent thereto are arranged at a different pitch. The pi- 
ezoelectric/el ectrostrictive elements 392 are not neces- 
sarily arranged at the same pitch. 25 
[0130] Since the matrix type piezoelectric/ electros- 
trictive device of the present invention which is applied 
to the actuator section has large force generation, a light 
reflecting surface excelling in flatness can be formed by 
applying a highly rigid light reflecting plate. Therefore, 30 
this is very advantageous as a light reflection mecha- 
nism. Moreover, since the distance between the wall 
section (light reflecting plate support section) and the 
piezoelectric/ electrostrictive element can be decreased 
by the force generation, a light reflection mechanism 35 
having a large reflection angle can be easily realized. 
[0131] The light reflection mechanism is not limited to 
the embodiment of the light reflection mechanism 340 
shown in FIGS. 13 to 15. The light reflection mechanism 
may have a configuration in which the actuator section 40 
is not bonded to the light reflecting section, and the re- 
flection angle is changed by causing part of the light re- 
flecting plate to be displaced by the operation of the pi- 
ezoelectric/electrostrictive element. As the type of pie- 
zoelectric/electrostrictive element, a piezoelectric/elec- *s 
trostrictive element which is either contracted or ex- 
panded by applying a voltage may be used. 
[01 32] In addition to the above specif ic examples, the 
matrix type piezoelectric/electrostrictive device of the 
present invention may be used for various types of de- so 
vices in which liquid and liquid, liquid and solid, or liquid 
and gas are mixed, stirred, reacted, or the like in a very 
minute area and a very small amount by using action 
based on displacement and vibration of the matrix type 
piezoelectric/electrostrictive device. The matrix type pi- 55 
ezoelectric/electrostrictive device may also be used as 
a two-dimensional pressure sensor which sensors ex- 
ternal stress. 



[0133] A method of manufacturing the matrix type pi- 
ezoelectric/electrostrictive device according to the 
present invention is described below. The method of 
manufacturing the matrix type piezoelectric/electrostric- 
tive device according to the present invention includes 
a first manufacturing method and a second manufactur- 
ing method. The method of manufacturing the matrix 
type piezoelectric/electrostrictive device is described 
below in the order from the first manufacturing method. 
The method of manufacturing the matrix type piezoelec- 
tric/electrostrictive device according to the present in- 
vention used herein refers to both the first manufactur- 
ing method and the second manufacturing method. 
[0134] The first method of manufacturing the matrix 
type piezoelectric/electrostrictive device according to 
the present invention comprises a first step of providing 
a plurality of ceramic green sheets containing a piezo- 
electric/electrostrictive material as a major component, 
a second step of forming opening sections having an 
almost right-angled quadrilateral shape, in which at 
least two corners are curved, at specific positions of a 
plurality of the ceramic green sheets, a third step of 
stacking a plurality of the ceramic green sheets in which 
the opening sections are formed to obtain a ceramic 
green laminate having holes, a fourth step of integrally 
sintering the ceramic green laminate to obtain a ceramic 
laminate having holes, a fifth step of forming electrodes 
at least on the side walls which make up the holes in the 
ceramic laminate, a sixth step of cutting the ceramic 
laminate on the holes in a direction perpendicularto the 
arrangement of the holes and perpendicularto the open- 
ings of the holes to obtain a comb tooth-shaped ceramic 
laminate, and a seventh step of cutting the comb tooth 
of the comb tooth-shaped ceramic laminate in a direc- 
tion perpendicularto the cutting surface obtained in the 
sixth step and perpendicularly to the arrangement of the 
comb tooth . in the first method of manufacturing the ma- 
trix type piezoelectric/electrostrictive device according 
to the present invention, it is preferable to use a ceramic 
green sheet stacking method in this manner. When 
forming the opening sections in the ceramic green 
sheet, it is preferable to use punching which utilizes a 
mold consisting of a die and a punch. The opening sec- 
tions may be formed by using an ultrasonic processing 
method instead of using the punch and the die. 
[0135] In the first manufacturing method, the regions 
which are the side walls which make up the holes (up to 
fifth step) and are the comb tooth (after sixth step) be- 
come a plurality of the piezoelectric/electrostrictive ele- 
ments (piezoelectric/electrostrictive substances) which 
are almost in the shape of a pillar. A plurality of the pie- 
zoelectric/ electrostrictive elements are two-dimension- 
ally arranged and part of the cross section of the holes 
is curved (second and third steps), whereby a matrix 
type piezoelectric/electrostrictive device in which the 
curved surfaces are formed near the joined section be- 
tween the individual piezoelectric/electrostrictive sub- 
stances and the ceramic substrate can be formed. The 
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percentage of transgranularly fractured crystal grains on 
at least the sides of the piezoelectric/electrostrictive 
substances on which the electrodes are formed may be 
0 to 1% or less. 

[0136] FIGS. 8 (a) to 8 (f) are views showing an ex- s 
ample of the steps of the first method of manufacturing 
the matrix type piezoelectric/electrostrictive device ac- 
cording to the present invention. This example is illus- 
trated as a method of manufacturing the matrix type pi- 
ezoelectric/electrostrictive device 1 shown in FIG. 1 (a). io 
The first method is described below in detail by using 
this example. 

[0137] A specific number of ceramic green sheets 
(hereinafter may be simply called "sheets") containing 
a piezoelectric/electrostrictive material described later *s 
as a major component are provided. The ceramic green 
sheets may be manufactured by using a conventional 
method of manufacturing ceramics. For example, the 
ceramic green sheets may be manufactured by provid- 
ing powder of a piezoelectric/electrostrictive material 20 
described later, forming a slurry by mixing a binder, a 
solvent, a dispersant, a plasticizer, and the like with the 
powder in a desired composition, defoaming the slurry, 
and forming the slurry into a sheet by using a sheet for- 
mation method such as a doctor blade method or a re- 25 
verse roll coater method. 

[01 38] The sheets are subjected to punching by using 
a punch and a die in FIG. 8 (a) to obtain sheets 1 1 6 and 
1 1 7 in which a plurality of long, narrow opening sections 
15, in which two corners are curved, are formed. In the 30 
sheets .117, slit-shaped opening sections 25 which con- 
nect each of the opening sections 15 with the ends of 
the sheets to open each of the opening sections 15 are 
formed. A specific number of sheets 116 and 117 are 
alternately stacked and compression bonded so that the 35 
sheets 116 are present at the uppermost side and the 
lowermost side to form a ceramic green laminate 301 
shown in FIG. 8 (b) which has a specific thickness, has 
holes 5 and through holes 128 formed therein, and con- 
tains the piezoelectric/electrostrictive material as a ma- *o 
jor component. The ceramic green laminate 301 is inte- 
grally sintered to obtain a ceramic laminate 303. 
[0139] As shown in FIG. 8 (c), electrodes 18 and 19 
are formed on side walls 6 (comb tooth 26) which face 
the holes 5, and a conductive film is formed on the inner *5 
walls of the through holes 128. Unnecessary portions 
are removed along a cutting line 350 by using a means 
such as dicing, slicing, wire sawing, or grinding to obtain 
a comb tooth-shaped ceramic laminate 304, as shown 
in FIG. 8 (d). 50 
[0140] A comb tooth-shaped ceramic laminate 304 
shown in FIG. 8 (d) is the ceramic laminate 303 shown 
in FIG. 8 (c) rotated 90°. In the ceramic laminate 303 
shown in FIG. 8 (c), the openings of the through holes 
1 28 (front in FIG 8 (c), XZ surface) make up the side. In 55 
the comb tooth-shaped ceramic laminate 304 shown in 
FIG. 8 (d), the openings of the through holes 128 make 
up the lower side. 



[0141] Unnecessary portions are removed along clt- 
ting lines 351 shown in FIG. 8 (e) to obtain individual 
piezoelectric/electrostrictive substances 4. Polarization 
processing is optionally performed to complete the ma- 
trix type piezoelectric/electrostrictive device 1 (FIG. 8 

(0). 

[0142] In this method, the opening sections 25 formed 
in the green sheets 117 corresponding to the through 
holes are connected with the ends of the green sheets. 
However, as shown in FIGS. 32 (a) to 32 (d), the opening 
sections may be formed so as not to be connected with 
the ends (opening sections 125 shown in FIG. 32 (a)), 
and the through holes may be formed by cutting in the 
step shown in FIG. 32 (c). 

[0143] A specific number of ceramic green sheets are 
provided. The sheets are subjected to punching by us- 
ing a punch and a die in FIG. 32 (a) to obtain the sheets 
1 1 6 and 21 7 in which a plurality of the long, narrow open- 
ing sections 15, in which two corners are curved, are 
formed. The slit-shaped opening sections 125 are 
formed in the sheets 21 7 in addition to the opening sec- 
tions 15. A specific number of the sheets 116 and 217 
are alternately stacked and compression bonded so that 
the sheets 116 are present at the uppermost side and 
the lowermost side to form a ceramic green laminate 
401 shown in FIG. 32 (b). 

[0144] The ceramic green laminate 401 is integrally 
sintered to obtain a ceramic laminate 403. As shown in 
FIG. 32 (c), unnecessary portions are removed along 
two cutting lines 450 by using a means such as dicing, 
slicing, wire sawing, or grinding to obtain a comb tooth- 
shaped ceramic laminate 404, as shown in FIG. 32 (d). 
The matrix type piezoelectric/electrostrictive device 1 is 
completed according to FIGS. 8 (e) and 8 (f). 
[0145] In the method according to FIGS. 32 (a) to 32 
(d), since the opening sections 125 are formed inside 
the sheets 217, handling capability is improved. More- 
over, since deformation of the sheets is prevented, po- 
sitioning accuracy during stacking is improved. The 
opening sections for the holes are not indispensable. 
Sheets having only the opening sections 15 may be 
stacked to form a laminate, and the holes may be formed 
at specific positions before or after sintering. The matrix 
type piezoelectric/electrostrictive device may be driven 
from the side of the ceramic substrate on which the pi- 
ezoelectric/electrostrictive elements are formed without 
forming the through holes. In FIGS. 32 (a) to 32 (d), the 
electrode formation procedure is omitted. 
[0146] According to the first method of manufacturing 
the matrix type piezoelectric/electrostrictive device ac- 
cording to the present invention, the direction of dis- 
placement of the piezoelectric/electrostrictive element 
31 in the resulting matrix type piezoelectric/electrostric- 
tive device 1 is the Y axis direction (FIG. 8 (f)). The di- 
rection of displacement differs from the stacking direc- 
tion of the ceramic green sheets 116 and 117 (Z axis 
direction, FIG. 8 (a)). Specifically, displacement of the 
piezoelectric/electrostrictive element 31 does not de- 
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pend on the number of the stacked sheets 1 1 6 and 1 1 7, 
but depends on the shape of the opening sections 15 
(Y axis direction, FIG. 8 (a)). 

[0147] The shape of the piezoelectric/electrostrictive 
element 31 is mainly determined by the processed 
shape of the ceramic green sheets 116 and 117. The 
piezoelectric/electrostrictive element 31 having a high 
aspect ratio can be formed with high accuracy and high 
reproducibility by increasing the longitudinal direction of 
the opening sections 15. Therefore, the piezoelectric/ 
electrostrictive element 31 which produces large dis- 
placement can be easily obtained. The thickness of the 
sheets 116 and 117 may optionally be selected. Highly 
accurate punching can be performed without causing 
the processed cross section to be tapered by appropri- 
ately setting the clearance of the punch and die used to 
process the openings depending on the thickness of the 
sheets 116 and 117. As a result, the degree of surface 
profile of the piezoelectric/electrostrictive substance 4 
can be limited to 8 u.m or less. 

[0148] Since the opening sections 15 in the ceramic 
green sheets 1 1 6 and 1 1 7 can be processed into an op- 
tional shape, the foot section of the piezoelectric/elec- 
trostrictive element 31 is easily formed into a curved sur- 
face having a radius of curvature corresponding to the 
thickness by forming the opening sections 15 almost in 
the shape of a right-angled quadrilateral in which two 
corners are curved (two corners at the front in FIG. 8 (a) 
are curved). Moreover, since the sides of the piezoelec- 
tric/electrostrictive substance 4 (sides of the comb tooth 
26) are formed by the sintered surfaces, the surface 
roughness shown by Rt can be limited to 9 \im or less 
and the surface roughness shown by Ra can be limited 
to 0.1 to 0.5 urn. Therefore, the sides of the piezoelec- 
tric/electrostrictive substance 4 which is the drive sec- 
tion of the piezoelectric/electrostrictive element 31 can 
be made flat and smooth. 

[0149] In the first method of manufacturing the matrix 
type piezoelectric/electrostrictive device according to 
the present invention, it is preferable to use machining 
utilizing loose abrasives, in particular, wire sawing as 
the processing method for cutting or removal from the 
viewpoint of processing quality (removal of grains, pres- 
ence or absence of crack, and the like). In the case 
where openings are formed in an object of processing, 
the openings (holes 5 or space between the comb tooth 
26, for example) are preferably filled with a removable 
resin or the like before processing, thereby preventing 
occurrence of damage during processing. 
[0150] In the first method of manufacturing the matrix 
type piezoelectric/electrostrictive device according to 
the present invention, since the ceramic green laminate 
is sintered after punching (or ultrasonic processing, etc.) 
and is not subjected to processing after sintering, dam- 
age to the object of processing is small in comparison 
with the case of performing processing using fixed abra- 
sives such as a dicer or slicer after sintering. This ena- 
bles a minute structure to be easily formed. Therefore, 



the processed surface has little roughness and is ho- 
mogenous, whereby adhesion between the electrodes 
and the piezoelectric/electrostrictive substance is in- 
creased when forming the electrodes on the processed 
5 sides (surfaces) of the piezoelectric/electrostrictive sub- 
stance. This enables the piezoelectric characteristics to 
be obtained more effectively. 

[0151] FIG. 10 shows an enlarged SEM photograph 
(magnification: 1000) showing the processed surface of 

10 a sintered specimen consisting of a piezoelectric/elec- 
trostrictive material subjected to slicing processing (ex- 
ample of abrasive #1000). FIG. 28 is an enlarged sche- 
matic cross-sectional view showing the processed sur- 
face of the specimen. FIG. 11 shows an enlarged SEM 

15 photograph (magnification: 1000) showing the proc- 
essed surface of a specimen consisting of the same ma- 
terial sintered after punching using a punch and a die. 
FIG. 29 is an enlarged schematic cross-sectional view 
showing the processed surface of the specimen. 

20 [0152] As shown in FIG. 1 0, a region AA and a region 
BB are observed in the specimen subjected to slicing 
processing. The region AA is a flat ground surface con- 
dition in which piezoelectric/electrostrictive crystal 
grains are transgranularly fractured. The region BB is a 

25 surface condition in which the surface of the grains ap- 
pears. These conditions are present in a mixed state, 
whereby the surface of the specimen is not uniform. The 
surface condition can be made uniform by increasing 
the count of the grindstone. However, such a surface 

30 condition is dominated by the region AA. Specifically, 
the surface of the piezoelectric/electrostrictive sub- 
stance consists of transgranularly fractured crystals. As 
shown in FIG. 28, the presence of a microcrack 1 91 and 
a transgranularly fractured ceramic crystal grain 1 92 is 

35 observed in the specimen subjected to slicing process- 
ing. 

[0153] A region such as the region AA shown in FIG. 
10 is not recognized in a sample subjected to punching 
using a punch and a die (FIG. 1 1 ). Almost no transgran- 

40 ularly fractured condition is present in this sample. A ho- 
mogeneous surface in which a region DD is uniformly 
present is observed. As shown in FIG. 29, no microc- 
racks occur and ceramic crystal grains 1 93 are in a state 
in which transgranularly fractured crystal grains are sub- 

45 stantially absent. As described above, the percentage 
of transgranularly fractured crystal grains on the cross 
section of the sample is limited to 1 % or less by sintering 
the sample after punching. Therefore, deterioration of 
characteristics due to compression residual stress and 

so the like is eliminated. 

[0154] The percentage of the transgranularly frac- 
tured crystal grains is determined by observing the sur- 
face of an objective piezoelectric/electrostrictive sub- 
stance as an example of the sample shown in FIG. 10 

55 using an electron microscope, and calculating the per- 
centage of a transgranularly fractured region (region AA 
in FIG. 1 0) occupying the entire observation field of view 
as an area ratio. 
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[0155] In the first method of manufacturing the matrix 
type piezoelectric/electrostrictive device according to 
the present invention, the ceramic laminate is cut after 
sintering In order to obtain the individual piezoelectric/ 
electrostrictive substances 4. However, the electrodes 
1 8 and 1 9 are not formed on the side to be cut, and this 
side does not become the main surface for allowing the 
piezoelectric/electrostrictive element 31 to function, as 
shown in FIG. 8 (e). Therefore, the matrix type piezoe- 
lectric/electrostrictive device is not substantially affect- 
ed even if such a cut side is present. In addition, occur- 
rence of such a phenomenon is eliminated by cutting 
before sintering. 

[0156] In the first method of manufacturing the matrix 
type piezoelectric/electrostrictive device according to 
the present invention, the ceramic green sheets 1 1 6 and 
117 may be positioned by sequentially stacking the 
sheets 1 1 6 and 1 1 7 in a frame having almost the same 
shape as the external shape of the sheets 1 1 6 and 1 1 7, 
stacking the sheets 116 and 117 by passing guide pins 
through guide holes formed in the sheets 116 and 117, 
or arranging a specific number of guide pins having the 
same shape as the opening sections at a specific pitch 
and stacking the sheets 1 1 6 and 1 1 7 while passing the 
guide pins through the opening sections as the guide 
holes. The sheets 1 1 6 and 1 1 7 are compression bonded 
while heating, whereby the ceramic green laminate 301 
is formed. 

[01 57] Since the stacking deviation of the sheets rare- 
ly occurs by manufacturing the matrix type piezoelectric/ 
electrostrictive device by punching and stacking the ce- 
ramic green sheets at the same time (simultaneous 
punching-stacking), the piezoelectric/electrostrictive 
substances 4 can be arranged with higher accuracy. 
This is effective for manufacturing a large-scale matrix 
device in which a large number of piezoelectric/electros- 
trictive elements 31 are stacked. 
[01 58] In the simultaneous punching-stacking, the ce- 
ramic green sheets are stacked while forming the open- 
ing sections by punching the ceramic green sheets, 
thereby forming a ceramic green laminate containing a 
piezoelectric/electrostrictive material in which the holes 
having a specific thickness are formed. Although stack- 
ing deviation of the sheets rarely occurs in this method, 
it is difficult to stack the sheets 116 and 117 shown in 
FIG. 8 (a) while forming the opening sections having a 
different shape. Therefore, in orderto obtain the ceramic 
green laminate 301 shown in FIG. 8 (b), the sheets in 
which slit-shaped opening sections are processed cor- 
responding to the through holes are provided, and 
stacked while processing the opening sections having 
the same shape. 

[01 59] FIGS. 27 (a) to 27 (e) are views showing a spe- 
cific method of the simultaneous punching-stacking. In 
FIGS. 27 (a) to 27 (e), a mold consisting of a punch 10 
and a die 12, in which a stripper 11 for stacking the 
sheets 116 is disposed, is used. FIG. 27 (a) shows a 
state before punching in which a first sheet 116a is 



placed on the die 12. In FIG. 27 (b), opening sections 
are punched through the sheet 116a by lowering the 
punch 1 0 and the stripper 1 1 . 

[0160] A second sheet 116b is then punched. As 

5 shown in FIG. 27 (c) , the first sheet 116a is removed 
from the die 12 by moving the first sheet 116a upward 
while causing the first sheet 1 1 6a to adhere to the strip- 
per 11. The sheet 116 may be caused to adhere to the 
stripper 11 by applying a vacuum to the sheet 116 

10 through a hole formed in the stripper 11 . 

[0161] The punch 10 and the stripper 11 are pulled up 
from the die 1 2 before punching the second sheet 1 1 6b. 
It is preferable not to pull the tip of the punch 10 inside 
the opening section in the first sheet 116, which is pulled 

15 up together with the punch 10. It is important to stop 
pulling at a position a little upward from the bottom of 
the first sheet 1 1 6a. If the punch 1 0 is pulled inside the 
opening in the first sheet 116a, or completely stored in 
the stripper 1 1 , the opening is deformed since the sheet 

20 116 is soft. As a result, flatness of the side wall which 
makes up the hole 5 is decreased when forming the hole 
5 obtained by stacking the sheets 116. 
[0162] FIG. 27 (d) shows a step of punching the sec- 
ond sheet 116b. The second sheet 116b can be easily 

25 placed on the die 12 and punched in the same manner 
as in the step shown in FIG. 27 (b), by causing the first 
sheet 116a to adhere to the stripper 11 . At the same 
time, the second sheet 116b is superposed on the first 
sheet 116a. 

30 [0163] The second sheet 116b is pulled up from the 
stripper 11 in a state in which the first sheet 11 6a is su- 
perposed on the second sheet 116b by repeating the 
steps shown in FIGS. 27 (c) and 27 (d). A third sheet 
1 1 6c is then punched. In this case, it is important to stop 

35 pulling when the tip of the punch 1 0 is positioned a little 
upward from the bottom of the sheet 116. A necessary 
number of sheets 116 are repeatedly punched and 
stacked by repeating the step of punching the sheet and 
overlapping the sheet on the previously punched sheet 

40 using the punch as the stacking axis. 

[01 64] FIG . 27 (e) is a view showing a state after com- 
pleting punching. When a necessary number of sheets 
1 1 6 are punched and stacked, the punched and stacked 
sheet 116 can be removed from the stripper 11 by re- 

45 leasing the support of the sheet 1 1 6 by the stripper 1 1 . 
The sheet 116 can be securely removed from the strip- 
per 1 1 by providing removal jigs 1 7 at the bottom of the 
stripper 11 . 

[0165] A manufacturing method disclosed in Japa- 
50 nese Patent Application No. 2001-1 31 490 applies to the 
above-described operations. The ceramic green lami- 
nate 301 (FIG. 8(b)) which has a specific thickness and 
in which the holes 5 are formed can be obtained by form- 
ing the through holes 128. 
55 [0166] The opening sections 15 are formed in the ce- 
ramic green sheet 1 1 6 using the punch and die, and the 
sheets 116 are stacked at the same time by the simul- 
taneous punching-stacking. This prevents deformation 
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of the opening sections 15 punched by the punch using 
the punch as a layer positioning axis of the sheets 116. 
Therefore, deviation between the stacked layers of the 
sheets 116 can be almost eliminated (less than 5 jam), 
whereby the ceramic green laminate 301 can be ob- 5 
tained with higher accuracy. 

[01 67] In the first method of manufacturing the matrix 
type piezoelectric/electrostrictive device according to 
the present invention, the stacking direction (Z axis di- 
rection) of the sheets 116 is one of the directions in to 
which the piezoelectric/electrostrictive substances 4 (pi- 
ezoelectric/electrostrictive elements 31 ) are arranged in 
a matrix, as shown in FIGS. 8 (a) to 8 (f). Therefore, the 
positional deviation of the piezoelectric/electrostrictive 
elements 31 is almost eliminated as the accuracy is in- is 
creased, whereby a further increase in the degree of 
profile is achieved and a device in which the piezoelec- 
tric/electrostrictive elements 31 having a high aspect ra- 
tio are disposed with high accuracy and at a high degree 
of integration can be realized. 20 
[0168] In the case of forming tall piezoelectric/elec- 
trostrictive elements having a high aspect ratio (the 
height is greater than the thickness), it is preferable to 
prevent occurrence of deformation of or damage to the 
side wall between the holes (piezoeiectric/eiectrostric- 25 
tive substance) during handling in the manufacturing 
process including sintering. In FIG. 8 (b), it is preferable 
to attach the ceramic green sheet to (the upper side and 
the lower side of) the ceramic green laminate 301 so 
that the holes 5 are closed and sinter the ceramic green 30 
laminate 301 , for example. Since the through holes 1 28 
become discharge ports for gas generated by decom- 
position and combustion of organic substances in the 
green sheet during sintering, cracking or the like does 
not occur. The closed area (area corresponding to the 35 
sheets provided to close the holes) may be removed af- 
ter sintering by grinding or the like, whereby the holes 
may be opened. 

[01 69] As a method for forming the electrodes on the 
sides of the piezoelectric/electrostrictive substance in 40 
FIG. 8 (c), sputtering, vacuum deposition, CVD, plating, 
coating, spraying, or the like may be used. In this case, 
it is preferable to form the electrodes after providing a 
mask so that short circuits do not occur between a pair 
of electrodes. Moreover, in the case of strictly setting *s 
the initial height of each piezoelectric/electrostrictive el- 
ement to be uniform, it is preferable to perform grinding 
before or after the cutting step shown in FIG. 8 (e), in 
order to increase the degree of flatness of the active side 
so that the piezoelectric/electrostrictive element can ef- so 
fectively act on the object, to make the active side a mir- 
ror surface, and the like. The masking treatment for 
forming the electrodes is not necessarily required. For 
example, a pair of the electrodes is formed by forming 
the electrode over the entire surface and disconnecting ss 
the electrode by grinding. 

[0170] Grinding may be employed to form the matrix 
type piezoelectric/electrostrictive device shown in FIGS. 



22 and 23 in which the height of the wall section differs 
from the height of the piezoelectric/electrostrictive ele- 
ment. The matrix type piezoelectric/electrostrictive de- 
vice shown in FIG. 22 can be realized by forming a pair 
of electrodes and grinding the electrodes in a state in 
which the piezoelectric/electrostrictive element is oper- 
ated by applying a voltage to the pair of electrodes, and 
applying this embodiment to the type of matrix type pi- 
ezoelectric/electrostrictive device in which the piezoe- 
lectric/electrostrictive element is contracted in an oper- 
ating state, for example. The matrix type piezoelectric/ 
electrostrictive device shown in FIG. 23 can be realized 
by applying this embodiment to the type of matrix type 
piezoelectric/electrostrictive device in which the piezo- 
electric/electrostrictive element is expanded in an oper- 
ating state. 

[0171] In the first manufacturing method, it is prefer- 
able to sinter the ceramic green laminate after stacking 
a green sheet in the shape of a plate on the openings 
of the holes. The shape of the side walls which makes 
up the holes is stabilized by such a method. 
[0172] The second method of manufacturing the ma- 
trix type piezoelectric/electrostrictive device according 
to the present invention is described below. The second 
method of manufacturing the matrix type piezoelectric/ 
electrostrictive device according to the present inven- 
tion comprises a step A of providing a ceramic green 
formed product containing a piezoelectric/electrostric- 
tive material as a major component, a step B of sintering 
a ceramic precursor including at least the ceramic green 
formed product to obtain an integral ceramic sintered 
product, a step C of forming a plurality of first slits in the 
ceramic sintered product by machining utilizing loose 
abrasives as processing media, a step D of forming 
electrodes on the sides of the first slits, and a step E of 
forming a plurality of second slits which intersect the first 
slits. 

[0173] In the second method of manufacturing the 
matrix type piezoelectric/electrostrictive device accord- 
ing to the present invention, since machining using 
loose abrasives (cutting) is suitably used, damage to the 
object of processing is small in comparison with the case 
of processing using a fixed abrasive such as a dicing or 
slicing in the same manner as in the first method. There- 
fore, a minute structure can be easily formed. Because 
of this, the processed surface has little roughness and 
becomes homogenous. This increases adhesion be- 
tween the electrodes and the piezoelectric/electrostric- 
tive substance when forming the electrode on the sur- 
faces (sides) of the processed piezoelectric/electrostric- 
tive substances. As a result, the piezoelectric charac- 
teristics can be brought out more effectively. The abra- 
sive is preferably silicon carbide at #3000-#8000. 
[0174] FIG. 38 shows an enlarged SEM photograph 
(magnification: 1000, alternative drawing) showing the 
processed surface of a specimen consisting of a piezo- 
electric/ electrostrictive material subjected to cutting us- 
ing loose abrasives (wire saw #6000). As described re- 
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lating to the first manufacturing method (as shown in 
FIG. 1 0), the surface of the piezoelectric/electrostrictive 
substance is transgranularly fractured in the sample 
subjected to cutting using a fixed abrasive, whereby the 
surface of the sample consists of planarly ground crys- 
tals. However, such a planarly fractured condition is 
rarely observed in a sample subjected to cutting using 
loose abrasives. A region EE is uniformly present in this 
sample, whereby a homogeneous surface is observed. 
As described above, cutting using loose abrasives en- 
ables the percentage of transgranularly fractured crystal 
grains on the surface of the processed surface of the 
sample to be limited to 1 0% or less. Therefore, deterio- 
ration of the characteristics due to compressive residual 
stress or the like is decreased. 

[0175] As the machining using loose abrasives as 
processing media, wire sawing, ultrasonic processing, 
blasting, or other various types of processing may be 
employed. It is particularly preferable to use wire saw- 
ing, since the state of the curved surfaces (in the shape 
of R) at the bottom of the cut grooves can be easily con- 
trolled. Therefore, fine processing can be performed at 
high density and damage is small. 
[01 76] In the case of wire sawing, the diameter of the 
wire is preferably about 30 to 200 prn in view of occur- 
rence of cracks and the surface conditions. The 
processing speed of the wire sawing is preferably about 
10 to 1 00 jim/min. The wire speed is preferably faster, 
since uniform opening sections can be reliably formed 
because of an increase in rigidity of the wire and a de- 
crease in processing deviation. The wire speed is still 
more preferably adjusted within the range of 10 to 800 
m/min. depending on the diameter of the wire, process- 
ing width, materials, and dimensions. The percentage 
of transgranularly fractured crystal grains on the proc- 
essed surface can be limited to 1 0% or less by employ- 
ing the above conditions, even in manufacturing meth- 
ods in which the piezoelectric/electrostrictive substanc- 
es are processed after sintering. 
[0177] An example of the second method of manufac- 
turing the matrix type piezoelectric/electrostrictive de- 
vice according to the present invention is described be- 
low, taking a case of utilizing wire sawing as an example 
of machining using loose abrasives. FIGS. 31 (a) to 31 
(h) are views schematically showing steps of an exam- 
ple of the second manufacturing method of the piezoe- 
lectric/electrostrictive device. This example is described 
as a method of manufacturing the matrix type piezoe- 
lectric/electrostrictive device 1 shown in FIG. 1 (a). 
[0178] A specific number of ceramic green, sheets 
containing a piezoelectric/electrostrictive material de- 
scribed later as a major component is provided. Ceramic 
green sheets 16, which make up the piezoelectric/elec- 
trostrictive element 31 , and ceramic green sheets 113, 
which make up the substrate 2, are punched in FIG. 31 
(a) into a specific external shape by using a punch and 
a die. Via holes 1 1 2 are formed in the sheets 1 1 3. A spe- 
cific number of ceramic green sheets 16 and a specific 



number of ceramic green sheets 113 are stacked and 
compression bonded to obtain a ceramic green laminate 
601 and a ceramic green substrate 602 (FIG. 31 (b)). 
[0179] The ceramic green laminate 601 and the ce- 
5 ramie green substrate 602 are stacked to form a ceramic 
precursor containing the piezoelectric/electrostrictive 
material as a major component. In this case, a laminate 
of the sheets 16 and a laminate of the sheets 113 may 
be separately formed, and these laminates may be then 
stacked. The ceramic precursor may be formed by col- 
lectively stacking the sheets 16 and the sheets 113. In 
this example, no holes are formed in the sheets 16. 
However, positioning holes for subsequent wire sawing, 
reference holes for stacking, and the like may optionally 
be formed in the sheets 16. The ceramic precursor is 
integrally sintered to obtain a ceramic sintered product 
603 (FIG. 31 (c)). 

[0180] As shown in FIG. 31 (d), slits 105 are formed 
in the ceramic sintered product 603 by cutting uniaxially 
using a wire saw 352 in which wires are arranged at a 
specific pitch (FIG. 31 (e)). The electrodes 18 and 19 
are formed on the sides of the piezoelectric/electrostric- 
tive substances 4 by using a coating method or the like 
(see FIG. 31 (f) and FIG. 1 (a)). Slits 115 are formed in 
the direction which intersects the slits 105 processed in 
the step shown in FIG. 31 (d) by using a wire saw 353 
in which wires are arranged at a specific pitch. The pie- 
zoelectric/electrostrictive substances 4 are optionally 
polarized to complete the matrix type piezoelectric/elec- 
trostrictive device 1 (FIG. 31 (h)). 
[0181] It is still more preferable to fill the slits 105 with 
removable fillers such as a resin between the steps 
shown in FIG. 31 (f) and 31 (g). This prevents the ce- 
ramic sintered product from being damaged during the 
succeeding slit processing. After filling the slits with a 
resin or the like, it is preferable to grind the ceramic sin- 
tered product before performing the succeeding slit 
processing in order to make the initial height of the pie- 
zoelectric/electrostrictive elements uniform, to de- 
crease the degree of flatness of the active side so that 
the piezoelectric/electrostrictive element can effectively 
act on an object of driving, or to make the side of action 
a mirror surface. 

[01 82] FIGS. 37 (a) to 37 (i) are views showing an ex- 
ample of a method of manufacturing a matrix type pie- 
zoelectric/electrostrictive device 80 shown in FIG. 33. 
The manufacturing steps are almost the same as those 
of the manufacturing method shown FIGS. 31 (a) to 31 
(h). 

[0183] Internal electrodes 48 and 49 are formed at 
specific positions of each ceramic green sheet exclud- 
ing the uppermost layer by using screen printing or the 
like (FIG. 37 (a)). Ceramic green sheets 316 and 317 
are alternately stacked to obtain a ceramic green lami- 
nate 701 (FIG. 37 (b)). The ceramic green laminate 701 
and a ceramic green substrate 702 separately provided 
are stacked to obtain a ceramic precursor (FIG. 37 (c)). 
The ceramic precursor is integrally sintered to obtain a 
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ceramic sintered product 703 (FIG. 37 (d)). 
[01 84] The slits 1 05 are formed by using the wire saw 
352 (FIG. 37 (e)). The internal electrodes 48 and 49 of 
the ceramic sintered product 703 are exposed through 
the slits 1 05. The internal electrodes 49 are not illustrat- 5 
ed in FIG. 37 (f). The electrodes 28 and 29 are formed 
on the side walls which make up the slits 105 by using 
a coating method or the like. The slits 115 are formed 
along cutting lines 351 in the direction which intersects 
the slits 105 by using a wire saw (FIGS. 37 (g) and 37 10 
(h». 

[0185] The ceramic sintered product 703 is cut along 
cutting lines 750 by using the wire saw 353 to complete 
the matrix type piezoelectric/electrostrictive device 80 
(FIG. 37 (i)). In the manufacturing steps shown in FIGS. *5 
37 (a) to 37 (i), use of fillers and grinding may be applied 
in the same manner as in FIGS. 31 (a) to 31 (h). 
[01 86] The examples of the second method of manu- 
facturing of the matrix type piezoelectric/electrostrictive 
device according to the present invention shown in 20 
FIGS. 31 (a) to 31 (h) and FIGS. 37 (a) to 37 (i) are the 
cases of forming comparatively narrow slits having a 
width equal to the diameter of the wire. However, in the 
case of forming wide slits, other methods may be pref- 
erably employed. 25 
[0187] In the case of forming wide slits by using wire 
sawing, thick wires having a width corresponding to the 
width of the slits are generally employed. If such thick 
wires are not available, slits having a desired width are 
formed by repeatedly processing the slits while gradu- 30 
ally moving the position. [0199] Use of thick wires in- 
creases the processing speed. However, a large 
amount of stress applied during processing causes a 
large degree of damage to the side walls of the slits, 
which become the sides of the piezoelectric/electrostric- 35 
tive substances. In particular, in the case of forming a 
piezoelectric/electrostrictive element (piezoelectric/ 
electrostrictive substance) having a small thickness, the 
piezoelectric/electrostrictive substance may be dam- 
aged during processing, or cracks or the like easily oc- 40 
cur. Moreover, the thickness of the piezoelectric/elec- 
trostrictive substances may become nonuniform, 
whereby the radius of curvature of the curved surface 
near the joined section between the ceramic substrate 
and the piezoelectric/electrostrictive substance is in- 4 $ 
creased. This may hinder characteristics of the piezoe- 
lectric/electrostrictive element. In the case where the 
distance between the slits (thickness of the piezoelec- 
tric/electrostrictive elements (piezoelectric/electrostric- 
tive substances)) is small, characteristics of the piezo- so 
electric/electrostrictive element are significantly affect- 
ed. Therefore, it is preferable to use thin wires when 
processing using a wire saw from the viewpoint of 
processing quality. 

[0188] In the case of repeatedly processing the slits ss 
while moving their position, since the width of the proc- 
essed slits is almost equal to the diameter of the wires, 
it is necessary to repeatedly process a number of narrow 



slits when forming wide slits using thin wires. This re- 
sults in an increase in the number of processing steps, 
whereby the processing time is increased to the multiple 
of the number of processing steps. Moreover, since the 
sample is inevitably subjected to processing for a long 
period of time, it is necessary to strictly take measures 
against damage. 

[0189] A biaxial processing method can solve the 
above problems. The biaxial processing method ena- 
bles utilization of thin wires which cause only a small 
degree of damage, and is capable of processing the slits 
without depending on the width of the slits and without 
increasing the number of steps. In the biaxial processing 
method, a ceramic sintered product is then cut in the 
direction of the thickness to obtain first cut grooves. The 
ceramic sintered product is cut in the direction of the 
thickness while moving the cutting position at a specific 
distance from the first cutting position to obtain second 
cut grooves. Then, regions between the first cut grooves 
and the second cut grooves are removed by cutting the 
ceramic sintered product from the inside of the second 
cut grooves to the inside of the first cut grooves to obtain 
wide slits. 

[0190] According to the biaxial processing method, 
processing can be performed using thin wires. Moreo- 
ver, since the biaxial processing method does not great- 
ly depend on the design of the piezoelectric/electrostric- 
tive device, damage caused by the processing can be 
minimized and the number of processing steps can be 
decreased. In this case, it is preferable to use efficient 
feed processing including a wire retracting cycle (wires 
are gradually fed by alternately feeding and retracting 
the wires) during slit processing for forming the first and 
second cut grooves, and to remove the regions between 
the first and second cut grooves only by feeding, spe- 
cifically, by feeding the wires only in one direction. The 
swing of the wires during processing is further de- 
creased by removing the regions between the first and 
second cut grooves by feeding the wires only in one di- 
rection. In particular, damage to the side walls between 
the slits (areas which become piezoelectric/electrostric- 
tive elements (piezoelectric/electrostrictive substanc- 
es)), which may occur due to a change in environment 
between the initial stage and final stage of the process- 
ing, can be effectively prevented. 
[0191] The biaxial processing method according to 
the second manufacturing method is described below 
with reference to FIGS. 35 (a) to 35 (e). 
[0192] In FIG. 35 (a), first cut grooves 354 are cut at 
specific positions of a ceramic sintered product 503 by 
using a wire saw in which wires are arranged at a spe- 
cific pitch, so that the first cut grooves 354 have a depth 
K which is greater than a distance J from the surface of 
the ceramic sintered product 503 to via holes 1 1 9. The 
cut grooves 354 obtained by first cutting are filled with 
fillers 359 such as a resin. The ceramic sintered product 
503 is cut at a distance I (thickness (or width) of the pi- 
ezoelectric/electrostrictive substance) from the cut 
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grooves 354 to obtain cut grooves 355 (FIG. 35 (b)). 
[01 93] In FIG. 35 (c), the ceramic sintered product 503 
is cut from the bottom of the cut grooves 355 toward the 
cut grooves 354 adjacent in the direction opposite to an 
area which is allowed to remain as the piezoelectric/ 
electrostrlctive element. The cut grooves 354 and the 
cut grooves 355 are connected through cut grooves 356 
by this cutting, whereby the via holes 119 are exposed 
in the cut grooves 356 and unnecessary portions 357 
are removed (FIG. 35 (d)). 

[0194] The fillers 359, such as a resin with which the 
cut grooves 354 are filled, are removed to obtain a struc- 
ture having wide slits 225 and side walls 226 which be- 
come, the piezoelectric/ electrostrictive substances 
formed between the slits 225. Slits formed in the direc- 
tion which intersects the slits 225 as the slits 1 1 5 formed 
in the direction which intersects the slits 105 shown in 
FIGS. 31 (a) to 31 (h) may be processed in the same 
manner as described above. 

[0195] In the biaxial processing method, it is prefera- 
ble to fill the cut grooves 354 with the fillers 359 and 
dispose a reinforcement member 349 shown in FIGS. 
36 (a) and 36 (b) on the side (FIG. 36 (a)) or the surface 
(FIG. 36 (b)) of the ceramic sintered product 503 before 
processing the cut grooves 355. There may be a case 
where rigidity of the ceramic sintered product 503 is de- 
creased by the cut grooves 354 cut in advance, whereby 
desired processing accuracy cannot be obtained due to 
escape of the wires or occurrence of processing devia- 
tion.. However, these problems are solved by securing 
rigidity of the ceramic sintered product 503 by disposing 
the reinforcement member 349. It is still more preferable 
to dispose the reinforcement member 349 both on the 
side (FIG. 36 (a)) and on the upper side (FIG. 36 (b)). It 
is preferable to fill the cut grooves 354 with a plate- 
shaped hard material having a thickness a little less than 
the width of the grooves such as a ceramic material (alu- 
mina or zirconia, for example), together with the fillers 
359. 

[0196] In the second method of manufacturing the 
matrix type piezoelectric/electrostrictive device accord- 
ing to the present invention, the ceramic green formed 
product can be formed by using a press forming method, 
an injection molding method, orthe like in addition to the 
method of stacking the ceramic green sheets. After 
forming the through holes or via holes in part of the re- 
sulting ceramic green formed product, the ceramic 
green formed product is sintered. The ceramic green 
formed product may be subjected to slit processing in- 
stead of processing the ceramic sintered product. How- 
ever, it is preferable to subject the ceramic sintered 
product to slit processing, since processing accuracy 
and reproducibility are increased. 
[0197] The method of manufacturing the matrix type 
piezoelectric/electrostrictive device according to the 
present invention is described above. The matrix type 
piezoelectric/electrostrictive device manufactured by 
the first manufacturing method has extremely excellent 



crystal grain conditions, in which occurrence of defects 
such as cracks in the piezoelectric/electrostrictive sub- 
stance which makes up the piezoelectric/electrostrictive 
element is extremely decreased, and the percentage of 
5 transgranuiarly fractured crystal grains at least on the 
sides of the piezoelectric/electrostrictive substance on 
which the electrodes are formed is 1% or less. There- 
fore, deterioration of the piezoelectric characteristics is 
small and reliability as a structure is increased. Because 
10 of this, the matrix type piezoelectric/electrostrictive de- 
vice is suitable for applications in which high load is ap- 
plied such as in high-frequency drive. 
[0198] The second manufacturing method excels in 
the degree of freedom relating to processing in compar- 
15 {son with the first manufacturing method, and enables 
the shape of the piezoelectric/electrostrictive element to 
be designed freely. The matrix type piezoelectric/elec- 
trostrictive device manufactured by the second manu- 
facturing method also has extremely excellent crystal 
20 grain conditions in which occurrence of defects such as 
cracks in the piezoelectric/electrostrictive substance 
which makes up the piezoelectric element is extremely 
decreased, and the percentage of transgranuiarly frac- 
tured crystal grains at least on the sides of the piezoe- 
25 lectric/electrostrictive substance on which the elec- 
trodes are formed is 10% or less. However, since the 
matrix type piezoelectric/electrostrictive device manu- 
factured by the second manufacturing method is inferior 
in performance to some extent in comparison with the 
30 matrix type piezoelectric/electrostrictive device ob- 
tained by the first manufacturing method, the matrix type 
piezoelectric/electrostrictive device manufactured by 
the second manufacturing method is suitable as a de- 
vice which performs low-frequency or static operations 
35 in which load applied is relatively low. 

[0199] The embodiments of the matrix type piezoe- 
lectric/electrostrictive device according to the present 
invention and the method of manufacturing the same 
are described above. However, the present invention is 
40 not limited to the above embodiments. For example, the 
surface of the piezoelectric/electrostrictive substance 
may be used as the active side of the piezoelectric/elec- 
trostrictive element. However, other member may be 
bonded to the element as the active side depending on 
45 hardness of the object of action, frequency of use, and 
the like, in addition to the example shown in FIG. 9. The 
above description mainly focuses on the case where the 
electrode terminals for driving the piezoelectric/elec- 
trostrictive element are formed on the back side of the 
so ceramic substrate. However, the electrode terminals 
may be formed on the side on which the piezoelectric/ 
electrostrictive elements are formed. In the case where 
the electrode terminals are formed on the back side of 
the ceramic substrate, it is preferable to mount a printed 
55 board on which a driver IC f or driving each piezoelectric/ 
electrostrictive elements or the like is mounted on the 
electrode terminals. 

[0200] Materials used for the matrix type piezoelec- 
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tric/electrostrictive device according to the present in- 
vention are described below. 

[0201] A material for the piezoelectric/eiectrostrictive 
substance which is the drive section, specifically, a pie- 
zoelectric/eiectrostrictive material is described below. 
There are no specific limitations to the piezoelectric/ 
electrostrictive material insofar as the material produces 
an electric field induced strain such as a piezoelectric 
effect or electrostrictive effect. The piezoelectric/eiec- 
trostrictive material may be either crystalline or non- 
crystalline. Semiconductor ceramics, ferroelectric ce- 
ramics, or antiferroelectric ceramics may be used. The 
piezoelectric/eiectrostrictive material is appropriately 
selected corresponding to the purpose of use. The pie- 
zoelectric/ electrostrictive material may be either a ma- 
terial for which polarization processing is necessary or 
a material for which polarization processing is unneces- 
sary. 

[0202] The piezoelectric/eiectrostrictive material is 
not limited to ceramics. The piezoelectric/eiectrostric- 
tive material may be a piezoelectric material consisting 
of a polymer such as PVDF (polyvinylidene fluoride), or 
composite material of a polymer and ceramics. In this 
case, elements are formed by subjecting the polymer 
material to a heat treatmen at about a thermosetting 
temperature of the polymer material without sintering 
from the viewpoint of thermal resistance of the polymer 
material. 

[0203] A configuration having a high aspect ratio, 
which is one of the features of the matrix type piezoe- 
lectric/eiectrostrictive device according to the present 
invention, can be achieved more advantageously by us- 
ing ceramics excelling in material hardness as the pie- 
zoelectric/eiectrostrictive material. Moreover, generat- 
ed displacement and stress can be allowed to act effec- 
tively. It is preferable to use ceramics excelling in mate- 
rial characteristics because a piezoelectric/eiectrostric- 
tive element having a high aspect ratio and superior 
characteristics at low voltage drive can be obtained. 
[0204] As specific examples of ceramics materials, pi- 
ezoelectric ceramics or electrostrictive ceramics con- 
taining lead zirconate, lead titanate, lead magnesium 
niobate, lead nickel niobate, lead zinc niobate, lead 
manganese niobate, lead antimony stannate, lead man- 
ganese tungstate, lead cobalt niobate, barium titanate, 
sodium bismuth titanate, bismuth neodium titanate 
(BNT), potassium sodium niobate, strontium bismuth 
tantalate, orthe like individually, or as a mixture or a solid 
solution can be given. 

[0205] These ceramics are preferably included in the 
ceramic component which makes up the piezoelectric/ 
electrostrictive substance in an amount of 50 wt% or 
more as a major component. In particular, use of a ma- 
terial containing lead zirconate titanate (PZT) as a major 
component, a material containing lead magnesium nio- 
bate (PMN) as a major component, a material contain- 
ing lead nickel niobate (PNN) as a major component, a 
material containing a mixture or a solid solution of lead 



zirconate, lead titanate, and lead magnesium niobate a -.. 
a major component, a material containing a mixture or 
a solid solution of lead zirconate, lead titanate, and lead 
nickel niobate as a major component, or a material con- 

5 taining sodium bismuth titanate as a major component 
is preferably used, since these materials have a high 
electromechanical coupling factor and a high piezoelec- 
tric constant, and a material having a stable composition 
is easily obtained after sintering. 

10 [0206] Ceramics in which an oxide of lanthanum, cal- 
cium, strontium, molybdenum, tungsten, barium, nio- 
bium, zinc, nickel, manganese, cerium, cadmium, chro- 
mium, cobalt, antimony, iron, yttrium, tantalum, lithium, 
bismuth, tin, or the like is added to the above material 

15 either individually or in combination of two or more may 
also be used. For example, there may a case where ad- 
vantages such as capability of adjusting a coercive elec- 
tric field or piezoelectric characteristics are obtained by 
adding lanthanum or strontium to lead zirconate, lead 

20 titanate, and lead magnesium niobate which are major 
components. 

[0207] As examples of antiferroelectric ceramics, ce- 
ramics containing lead zirconate as a major component, 
ceramics containing a mixture or a solid solution of lead 

25 zirconate and lead stannate as a major component, ce- 
ramics containing lead zirconate as a major component 
to which was lanthanum oxide is added, ceramics con- 
taining a mixture or a solid solution of lead zirconate and 
lead stannate as a major component to which lead nio- 

30 bate is added, and the like can be given. As a material 
for the ceramic substrate, a material which can be inte- 
grated with the piezoelectric/eiectrostrictive substance 
by a heat treatment or sintering is used. It is preferable 
to use a material having the same components as the 

35 piezoelectric/eiectrostrictive substance to be integrated 
therewith, and still more preferably a material having the 
same components and composition as the piezoelec- 
tric/eiectrostrictive substance. 

[0208] The average size of the ceramic crystal grains 

40 is preferably 0.05 to 2 ujn in a design in which mechan- 
ical strength of the piezoelectric/eiectrostrictive sub- 
stance as the drive section is important. This is because 
mechanical strength of the piezoelectric/eiectrostrictive 
substance can be increased. The average size of the 

45 ceramic crystal grains is preferably 1 to 7 um in the de- 
sign in which extraction/contraction characteristics of 
the piezoelectric/eiectrostrictive substance as the drive 
section is important. This is because superior piezoe- 
lectric characteristics can be obtained. 

so [0209] There are no specific limitations to a material 
for the electrodes insofar as the material is solid at am- 
bient temperature. The material for the electrodes may 
be a single metal or an alloy. The material may be a mix- 
ture of insulating ceramics such as zirconium oxide, haf- 

55 nium oxide, titanium oxide, or cerium oxide and a single 
metal or an alloy. In the case of forming the electrodes 
before sintering the piezoelectric, high-mcihng-point no- 
ble metals such as platinum, palladium, or rhodium, an 
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electrode material containing an alloy such as silver-pal- 
ladium, silver-platinum, or platinum-palladium as a ma- 
jor component, or a mixture of platinum and a substrate 
material or piezoelectric/electrostrictive material, and a 
cermet material thereof are suitably used. 
[0210] in the case of forming the electrodes before 
sintering the piezoelectric/electrostrictive substance, in 
addition to the above electrode materials, a single metal 
such as aluminum, titanium, chromium, iron, cobalt, 
nickel, copper, zinc, niobium, molybdenum, ruthenium, 
silver, tin, tantalum, tungsten, goid, or lead, or an alloy 
of these metals may be used. 

[021 1 ] As a material for the conductor with which the 
via holes in the ceramic substrate are filled, a mixture of 
the substrate material and a high-melting-point noble 
metal or a cermet material thereof is suitably used since 
breakage rarely occurs even in the case of sintering the 
material together with the ceramic substrate, and bond- 
ing strength with the ceramic substrate is obtained. 
[0212] The electrodes may be formed by using these 
materials by sputtering, vacuum deposition, CVD, plat- 
ing, or the like. The electrodes may be formed of an ob- 
jective material by forming a film using an organometal- 
lic compound (resinate) containing a metal element for 
the electrodes by coating or spraying and subjecting the 
resulting film to a heat treatment. 
[021 3] As described above, the present invention pro- 
vides a matrix type piezoelectric/electrostrictive device 
capable of solving the conventional problems, produc- 
ing large displacement and large force generation at a 
lower voltage, having a high response speed, excelling 
in mounting capability, and enabling a high aspect ratio 
and a high degree of integration in comparison with con- 
ventional devices, and a method of manufacturing the 
same. 

[0214] The matrix type piezoelectric/electrostrictive 
device can be suitably applied to an optical modulator, 
optical switch, electrical switch, microrelay, microvalve, 
transportation device, image display device such as a 
display and projector, image drawing device, microp- 
ump, droplet discharge device, micromixer, microstirrer, 
mlcroreactor, various types of sensors, and the like. 



Claims 

1 . A matrix type piezoelectric/electrostrictive device in 
which a plurality of piezoelectric/electrostrictive el- 
ements almost in the shape of a pillar, each having 
a piezoelectric/electrostrictive substance and at 
least a pair of electrodes, are vertically provided on 
a thick ceramic substrate, and which is driven by 
displacement of the piezoelectric/electrostrictive 
substance, 

characterized in that a plurality of the piezo- 
electric/electrostrictive elements are integrally 
bonded to the ceramic substrate and independently 
arranged in two dimensions, and, 



the pair of electrodes is formed on the sides 
of the piezoelectric/electrostrictive substance, the 
crystal grains on at least the sides of the piezoelec- 
tric/electrostrictive substance on which the elec- 

5 trodes are formed is in such a state thatthe percent- 
age of transgranularly fractured crystal grains is 
10% or less, and the piezoelectric/electrostrictive 
substance forms a curved surface near a joined 
section between the piezoelectric/electrostrictive 

10 substance and the ceramic substrate. 

2. The matrix type piezoelectric/electrostrictive device 
according to claim 1 , wherein the degree of surface 
profile of the piezoelectric/electrostrictive sub- 

15 stance of the piezoelectric/electrostrictive element 
is about 8 pm or less. 

3. The matrix type piezoelectric/electrostrictive device 
according to claim 1 or 2, wherein the ratio of the 

20 height of the piezoelectric/electrostrictive element 
almost in the shape of a pillar to the shortest dis- 
tance through the center axis in the horizontal cross 
section of the piezoelectric/electrostrictive element 
is about 20:1 to 200:1. 

25 

4. The matrix type piezoelectric/electrostrictive device 
according to any one of claims 1 to 3, wherein the 
shortest distance through the center axis in the hor- 
izontal cross section of the piezoelectric/elect ros- 
so trictive element is 300 pm or less. 

5. The matrix type piezoelectric/electrostrictive device 
according to any one of claims 1 to 4, wherein the 
ratio of the height of the piezoelectric/el ectrostric- 

35 tive element almost in the shape of a pillar to an 
interval between the adjacent piezoelectric/ elec- 
trostrictive elements is about 20:1 to 200:1. 

6. The matrix type piezoelectric/electrostrictive device 
40 according to any one of claims 1 to 5, wherein the 

sides of the piezoelectric/electrostrictive substance 
have an almost uniform surface state, and surface 
roughness represented by Rt of the sides of the pi- 
ezoelectric/electrostrictive substance is 9 jim or 
45 less, and surface roughness represented by Ra of 
the sides of the piezoelectric/electrostrictive sub- 
stance is 0.1 to 0.5 \irr\. 

7. The matrix type piezoelectric/electrostrictive device 
so according to any one of claims 1 to 6, wherein the 

radius of curvature of the curved surface is 20 to 
100 

8. The matrix type piezoelectric/electrostrictive device 
55 according to any one of claims 1 to 7, wherein the 

horizontal cross section of the piezoelectric/elec- 
trostrictive substance of the piezoelectric/electros- 
trictive element is in the shape of a parallelogram, 
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and the electrodes are formed on the sides includ- 
ing the long sides of the cross section of the piezo- 
electric/electrostrictive substance. 

9. The matrix type piezoelectric/electrostrictive device 5 
according to any one of claims 1 to 8, wherein the 
piezoelectric/electrostrictive element is expanded/ 
contracted in a direction vertical to a main surface 

of the ceramic substrate based on displacement 
caused by a transverse effect of an electric field in- 10 
duced strain of the piezoelectric/electrostrictive 
substance. 

10. The matrix type piezoelectric/electrostrictive device 
according to any one of claims 1 to 9, wherein the *5 
ceramic substrate and the piezoelectric/electros- 
trictive substance which makes up the piezoelec- 
tric/electrostrictive element are formed of the same 
material. 

20 

1 1 . The matrix type piezoelectric/eiectrostrictive device 
according to any one of claims 1 to 1 0, wherein wall 
sections are formed between the adjacent piezoe- 
lectric/electrostrictive elements. 

25 

12. The matrix type piezoelectric/electrostrictive device 
according to any one of claims 1 to 1 1 , wherein elec- 
trode terminals are formed on the side of the ceram- 
ic substrate opposite to the side on which the pie- 
zoelectric/electrostrictive elements are disposed, 30 
and the electrodes and the electrode terminals are 
connected through through holes or via holes 
formed in the ceramic substrate. 

13. A method of manufacturing a matrix type piezoelec- 35 
tric/electrostrictive device in which a plurality of pi- 
ezoelectric/electrostrictive elements almost in the 
shape of a pillar are two-dimensionally arranged on 

a thick ceramic substrate, wherein each of the pie- 
zoelectric/electrostrictive elements includes a pie- 40 
zoelectric/electrostrictive substance and at least a 
pair of electrodes, the percentage of transgranularly 
fractured crystal grains on at least the sides of the 
piezoelectric/electrostrictive substance on which 
the electrodes are formed is 1% or less, and the pi- 45 
ezoelectric/electrostrictive substance forms a 
curved surface near a joined section between the 
piezoelectric/electrostrictive substance and the ce- 
ramic substrate, 

characterized in that the method comprises: 50 

a first step of providing a plurality of ceramic 
green sheets containing a piezoelectric/elec- 
. trostrictive material as a major component, 
a second step of forming opening sections hav- 55 
ing an almost right-angled quadrilateral shape, 
in which at least two corners are curved, at spe- 
cific positions of a plurality of the ceramic green 



sheets, 

a third step of stacking a plurality of the ceramic 
green sheets in which the opening sections are 
formed to obtain a ceramic green laminate hav- 
ing holes, 

a fourth step of integrally sintering the ceramic 
green laminate to obtain a ceramic laminate 
having holes, 

a fifth step of forming electrodes at least on side 
walls which make up the holes in the ceramic 
laminate, 

a sixth step of cutting the ceramic laminate at 
specific positions in a direction perpendicular 
to the arrangement of the holes and perpendic- 
ular to the openings of the holes to obtain a 
comb tooth-shaped ceramic laminate, and 
a seventh step of cutting the comb tooth of the 
comb tooth-shaped ceramic laminate in a direc- 
tion perpendicular to the cutting surface ob- 
tained in the sixth step and perpendicularto the 
arrangement of the comb tooth. 

14. The method of manufacturing a matrix type piezo- 
electric/electrostrictive device according to claim 

13, wherein the ceramic green laminate consists of 
at least two types of ceramic green sheets, one of 
the two types of ceramic green sheets is a specific 
number of ceramic green sheets in which a plurality 
of opening sections almost in the shape of a right- 
angled quadrilateral in which two corners are 
curved are formed, and the other of the two types 
of ceramic green sheets is a specific number of ce- 
ramic green sheets in which a plurality of opening 
sections almost in the shape of a right-angled quad- 
rilateral and a plurality of other opening sections 
connected with the opening sections in the shape 
of a right-angled quadrilateral are formed. 

15. The method of manufacturing a matrix type piezo- 
electric/electrostrictive device according to claim 

1 4, wherein the other opening sections are connect- 
ed with the opening sections almost in the shape of 
a right-angled quadrilateral and connected with the 
ends of the ceramic green sheets. 

16. The method of manufacturing a matrix type piezo- 
electric/electrostrictive device according to claim 1 4 
or 15, comprising a step of cutting the ceramic lam- 
inate, thereby opening each of the other opening 
sections. 

17. The method of manufacturing a matrix type piezo- 
electric/electrostxictive device according to any one 
of claims 1 3 to 1 6, wherein the cutting in the seventh 
step is performed by wire saw processing. 

18. The method of manufacturing a matrix type piezo- 
electric/electrostrictive device according to any one 
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of claims 1 3 to 1 7, comprising a step of filling space 
between the comb tooth with fillers after the fifth 
step, but before the seventh step. 

1 9. A method of manufacturing a matrix type piezoelec- 
tric/electrostrictive device in which a plurality of pi- 
• ezoelectric/electrostrictive elements almost in the 
shape of a pillar are two-dimensionally arranged on 
a thick ceramic substrate, wherein each of the pie- 
zoelectric/electrostrictive elements includes a pie- 
zoelectric/electrostrictive substance and at least a 
pair of electrodes, the percentage of transgranularly 
fractured crystal grains on at least the sides of the 
piezoeiectric/electrostrictive substance on which 
the electrodes are formed is 10% or less, and the 
piezoeiectric/electrostrictive substance forms a 
curved surface near a joined section between the 
piezoeiectric/electrostrictive substance and the ce- 
ramic substrate, 

characterized in that the method comprises: 

a step A of providing a ceramic green formed 
product containing a piezoeiectric/electrostric- 
tive material as a major component, 
a step B of sintering a ceramic precursor includ- 
ing at least the ceramic green formed product 
to obtain an integral ceramic sintered product, 
a step C of forming a plurality of first slits in the 
ceramic sintered product by a machining meth- 
od utilizing loose abrasives as processing me- 
dia, 

a step D of forming the electrodes on the sides 
of the first slits, and 

a step E of forming a plurality of second slits 
which intersect the first slits. 



processing the ceramic sintered product in the di- 
rection of the thickness to obtain first cut grooves, 
second cutting which includes processing the ce- 
ramic sintered product in the direction of the thick- 

5 ness at a specific distance from the first cutting po- 
sition to obtain second cut grooves, and third cutting 
which includes cutting the ceramic sintered product 
from the inside of the second cut grooves toward 
the inside of the first cut grooves, thereby removing 

10 regions between the first cut grooves and the sec- 
ond cut grooves. 

24. The method of manufacturing a matrix type piezo- 
eiectric/electrostrictive device according to claim 

15 23, wherein the first cut grooves are filled with fillers 
after the first cutting, but before the second cutting. 

25. The method of manufacturing a matrix type piezo- 
eiectric/electrostrictive device according to any one 

20 of claims 19 to 24, comprising a step of filling the 
first slits with fillers after the step C, but before the 
step E. 

25 
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20. The method of manufacturing a matrix type piezo- 
eiectric/electrostrictive device according to claim 
19, wherein the ceramic green formed product is 
formed by stacking a plurality of ceramic green 40 
sheets. 

21 . The method of manufacturing a matrix type piezo- 
eiectric/electrostrictive device according to claim 1 9 

or 20, wherein the ceramic precursor is formed of 45 
at least a ceramic green substrate having through 
holes or via holes and the ceramic green formed 
product. 

22. The method of manufacturing a matrix type piezo- so 
electric/electrostrictive device according to any one 

of claims 19 to 21, wherein the machining method 
is a wire sawing method. 

23. The method of- manufacturing a matrix type piezo- 55 
electric/electrostrictive device according to claim 

22, wherein the first slits and/or the second slits are 
formed by performing first cutting which includes 



31 



EP 1 432 048 A1 



FIG. 1(a) 




Q 



19 21 22 20 



FIG. 1(b) 



FIG. 1(c) 



DIRECTION Q 31 



13 



13 



DIRECTION R 



31 



13 



32 



EP 1 432 048 A1 




33 



EP 1 432 048 A1 



FIG. 3 




FIG. 4 




2I8 



34 



EP 1 432 048 A1 



FIG. 6(a) 




FIG. 6(b) 




37 



35 



EP 1 432 048 A1 



FIG. 7(a) 



221 



221 



73 
77a 



77b 

> 



73 



73 77b 



13? 



77a 



71 
73 



FIG. 7(b) 




77a 77c 



36 



EP 1 432 048 A1 




37 



EP 1 432 048 A1 



FIG. 9 



90 



/ 




38 



EP 1 432 048 A1 




EP 1 432 048 A1 




40 



V 



EP 1 432 048 A1 




41 



EP 1 432 048 A1 



FIG. 13 



311,313 




42 



EP 1 432 048 A1 



FIG. 14 




43 



EP 1 432 048 A1 



FIG. 15 




44 



EP 1 432 048 A1 




45 



EP 1 432 048 A1 



FIG. 17 




46 



EP 1 432 048 A1 



FIG. 19 




47 



I 

EP 1 432 048 A1 




FIG. 22 

40 




48 



EP 1 432 048 A1 




49 



EP 1 432 048 A1 



FIG. 24 



27 




50 



EP 1 432 048 A1 




51 



EP 1 432 048 A1 




52 



EP 1 432 048 A1 



FIG. 28 



TEST PIECE 



191 




FIG. 29 



TEST PIECE 




53 



EP 1 432 048 A1 




EP 1 432 048 A1 




55 



EP 1 432 048 A1 




EP 1 432 048 A1 




57 



EP 1 432 048 A1 



FIG. 34 



32. 80 




58 



EP 1 432 048 A1 



354 




59 



EP 1 432 048 A1 



FIG. 36(a) 



354. 359 




349 



FIG. 36(b) 

349 




60 



EP 1 432 048 A1 




EP 1 432 048 A1 




62 



EP 1 432 048 A1 



INTERNATIONAL SEARCH REPORT 



International application No. 

PCT/JP02/08159 



A CLASSIFICATION OF SUBJECT MATTER 

Int. CI 7 H01L41/09, 41/24, G02B26/02, 26/08 



According to International Patent Classification (IPC) or to both national dassification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

Int. CI 7 H01L41/09, 41/24, B4U2/045, 2/055, G02B26/02, 26/08 



Documentation searched oth er than minimum documentation to the extent that such documents are included in the fields searched 
Jitsuyo Shinan Koho 1922-1996 Jitsuyo Shinan Toroku Koho 1996-2002 

Kokai Jitsuyo Shinan Koho 1971-2002 Toroku Jitsuyo Shinan Koho 



1994-2002 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
JOIS 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 


Citation of document, with indication, where appropriate, of the relevant passages 


Relevant to claim No. 


Y 
A 


US 6222303 Bl (NEC Corp.), 
24 April,' 2001 (24.04.01), 
Full text 

'& EP 936684 A & JP 11-227189 A 
Full text 


1-8,10-13 
14-26 


Y 
A 


JP 3-243358 A (Sharp Corp.), 
30 October, 1991 (30.10.91), 
Full text; Figs. 1 to 4 
(Family: none) 


1-8,10-13 
14-26 


Y 
A 


EP 736386 A (Brother Kogyo Kabushiki Kaisha) , 
09 October, 1996 (09.10.96), 
Full text 

& US 5860202 A & JP 8-279631 A 
Full text 


1-8,10-13 
14-26 



pg Further documents are listed in the continuation of Box C Q See patent family annex. 



* Special categories of cited documents: 

"A" document defining the general state of the art which Is not 

considered to be of particular relevance 
"E" earlier document but published on or after the international filing 

date 

"L" document which may throw doubts on priority claim(s) or which is 
cited to establish the publication date of another citation or other 
special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or other 
means 

"P" document published prior to the international filing date but later 



T later document published after the i nlemational filing date or 
priority date and not in conflict with the application but cited to 
understand the principle or theory underlying the invention 

"XT document of particular relevance; the claimed invention cannot be 
considered novel or cannot be considered to involve an inventive 
step when the document is taken alone 

"Y" document of particular relevance; the claimed invention cannot be 
considered to involve an inventive step when the document is 
combined with one or more other such documents, such 
combination being obvious to a person skilled in the art 

"&•* document member of the same patent family 



Date of the actual completion of the international search 
06 November, 2002 (06.11.02) 


Date of mailing of the international search report 

19 November, 2002 (19.11.02) 


Name and mailing address of the ISA/ 

Japanese Patent Office 

Facsimile No. 


Authorized officer 
Telephone No. 



Form PCT/ISA/210 (second sheet) (July 1998) 



63 



